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Title of the thesis: 
 
“Synthesis of filled CNT and carbon encapsulated nanoparticles for medical applications” 
 
Abstract: 
 
This work was performed in the framework of the European FP6 RTN CARBIO 
(www.carbio.eu) project, aiming at exploiting the potential of multi- functional DWNT and 
Carbon encapsulated metal nanoparticles for biomedical application, in particular to act as 
magnetic nano-heaters (cancer treatment by hyperthermia) or drug – carrier systems. 
To achieve these goals, DWNT have first been synthesised by catalytic chemical 
vapour deposition (CCVD) of a H2-CH4 mixture over (Mg, Co, Mo)O catalysts.  
In order to fill the empty cavity of DWNT with magnetic materials, the tips of the 
tubes have to be opened. The opening of DWNT was performed in different conditions using 
wet chemistry routes such as oxidation with HNO3, HNO3/H2SO4, KMnO4 or K2Cr2O7 or dry 
routes involving air oxidation or microwave heating. Due to drawbacks of some of the 
opening techniques (sample coating with amorphous oxidation debris), we have developed 
extra purification methods such as NaOH washing, oxidation in air or microwave heating.  
The filling of DWNT was performed using one-step (during the opening) or two-step 
(after the opening) methods in over-saturated iron (III) nitrate or iron (III) chloride solutions, 
in different conditions in order to assess the influence of stirring time, concentration and 
temperature. Control experiments of filling with uranium compounds were performed. 
A second strategy that we have developed in this work was the direct CCVD synthesis 
of carbon-encapsulated Fe, Co, Co/Fe and Ni nanoparticles. The encapsulated nanoparticles 
have been synthesized with gaseous mixtures of H2/CH4 or N2/CH4, using different MgO-
based catalysts (Mg0.95Co0.05O, Mg0.95Fe0.05O, Mg0.95Co0.025/Fe0.025O and Mg0.95Ni0.05O solid 
solutions). The obtained samples correspond for example to spherical and/or oblong carbon-
encapsulated Co nanoparticles with size distribution 6-10 nm (60%) and 11-20 nm (40%). 
Oblong or spherical carbon-encapsulated nanoparticles were also observed with Fe and 
Co/Fe, with diameter within the range 1-10 nm (80%) and 11-30 nm (20%). The most 
promising material for hyperthermia application was found to be the carbon-encapsulated Co 
nanoparticles which showed the highest saturation magnetisation at room temperature (Ms) 
and the highest Specific Absorption Rate (SAR).  
 
 
Key words: 
 
Double- Walled Carbon Nanotubes (DWNT), Opening, Functionalisation, Purification, 
Filling, Nanoparticles, Magnetism, Hyperthermia 
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Notations and Abbreviation 
 
 
 
AFM: Atomic force microscopy  
BET: Specific surface area measurements (Theory of Brunauer, Emmett and Teller) 
CCVD: Catalytic Chemical Vapour Deposition 
CNT: Carbon Nanotubes 
Co@C: Carbon-encapsulated Cobalt nanoparticles 
CFs: carbonaceous fragments 
DWNT: Double-Walled Carbon Nanotubes 
Fe@C: Carbon-encapsulated Iron nanoparticles 
Fe-Co@C: Carbon-encapsulated Iron-Cobalt Nanoparticles 
HRTEM:  High Resolution Transmission Electron Microscopy 
ID/IG: Ratio between the intensity of D and G bands from Raman spectroscopy 
IR: Infra Red 
Ms: Magnetisation saturation 
MWNT: Multi-Walled Carbon Nanotubes 
Ni@C: Carbon-encapsulated Nickel nanoparticles 
ppm: parts-per-million 
rpm: round-per-minute 
PIXE: Particles Induced X-ray Emission 
RBS: Rutherford Backscattering 
RT: Room temperature 
SAR: Specific Absorption Rate 
SEM: Scanning electron microscopy 
SPM: Superparamagnetic 
SWNT: Single-Walled Carbon Nanotubes 
td: Dwell time 
TEM: Transmission electron microscopy 
Td: Dwell temperature 
XPS: X-ray photoelectron spectroscophy 
wt.%: Weight percent 
θ: Heating rate (°/min) 
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General introduction 
 
This work was performed in the framework of the European FP6 RTN CARBIO 
(www.carbio.eu) project, aiming at exploiting the potential of multi-functional CNT and 
Carbon encapsulated metal nanoparticles for biomedical application, in particular to act as 
magnetic nano-heaters (cancer treatment by hyperthermia) or drug-carrier systems. 
The objective of our investigations was to exploit the potential of multi-functional 
carbon nanotubes (CNT) for human medical applications with a focus on anti-tumour 
treatment-which allow targeted release of heat and/or drugs in cancer cells. The nano-devices 
(Fig.1) would act as magnetic nano-heaters, drug-carrier systems and temperature sensors for 
therapy and diagnosis at the cellular level. 
 
 
Fig. 1: Functionalised Carbon Nanotube with different filling and biofunctional 
derivatization of the outer shell. 
 
The use of carbon-wrapped nanocontainers has several advantages, particularly in 
medical applications. Firstly, due to the protecting carbon shell, the number of materials 
which can be used for applications without toxic adverse effects strongly increases. Secondly, 
the outer shell of CNT can be chemically modified, e.g., with cancer-specific binding agents 
in order to enable attachment to a given tissue, or penetration into specific cells.  
Since the discovery of Carbon Nanotubes (CNT) in 1991 by Iijima this carbon 
material became one of the most interesting materials in the modern science due to their 
amazing and unique properties (chemical, electronic, optical, mechanical, magnetic, etc.). 
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The basic material for our studies (raw Double-Walled carbon NanoTubes -DWNT) was 
synthesised in CIRIMAT using conditions developed by the "Nanocomposites and Carbon 
Nanotubes Group".  For the general case of the synthesis of DWNT, the catalyst                 
Mg1-X(Co,Mo)xO was treated at 1000 °C in H2/CH4 atmosphere (18% CH4, 15 L/h). 
In order to introduce different materials inside the empty cavities of DWNT they have 
to be opened. The opening of the closed as-made CNT was realised by wet or by dry routes. 
In the case of wet chemistry route opening, we compared the effect of oxidation by an 
oxoacid such as HNO3 at different concentrations (3M HNO3 or 15M HNO3) or by a mixture 
of two oxoacids such as conc.H2SO4/conc.HNO3. We compared the effect of oxidation by two 
other oxidants such as KMnO4 and K2Cr2O7 in solution in H2SO4. We studied the mechanism 
of opening of DWNT by NaOH in melted phase. The oxidation and opening of CNT by 
heating in air is known as an efficient and easy method. We studied the opening of DWNT by 
air oxidation at 500°C. Based on the mechanism of air oxidation at high temperatures, we also 
investigated the opening of DWNT by using microwaves heating of powders. In most of the 
cases, due to secondary reactions, the opened tubes required secondary treatment in order to 
purify them. As a second step of treatment, the opened tubes were washed with 4M NaOH or 
with KMnO4/H2SO4, or they were oxidised by air or treated by microwaves. 
We performed two types of solution fillings: filling of the tubes during the opening 
(One-step solution filling) or filling after pre-opening of the tubes (Two-step solution filling). 
The two-step filling was separated in two groups: short time solution filling where the time of 
treatment was up to 48h and long-time solution filling where the filling time was increased up 
to 33 days. The short-time filling was performed in two ways; by stirring at 80°C of 
suspension containing DWNT and Fe precursor (FeCl3.6H2O) or Uranium compound used for 
a control experiment, and the second way of short-time filling was performed by treatment in 
autoclave using ferrocene as Fe precursor, dissolved in toluene. 
 13 
 A second strategy that we have developed in this work was the direct CCVD synthesis 
of carbon-encapsulated Fe, Co, Co/Fe and Ni nanoparticles. The encapsulated nanoparticles 
have been synthesized with gaseous mixtures of H2/CH4 or N2/CH4, using different MgO-
based catalysts (Mg0.95Co0.05O, Mg0.95Fe0.05O, Mg0.95Co0.025/Fe0.025O and Mg0.95Ni0.05O solid 
solutions). 
This PhD manuscript contains five chapters including: Chapter I- Bibliographic 
studies about properties, application, synthesis, functionalisation, opening and purification of 
CNT and also synthesis and medical applications of metal nanoparticles; Chapter II- 
Experimental Techniques including methods for synthesis of CNT and carbon-encapsulated 
nanoparticles, details about different techniques used for analysis and characterisation of 
samples; Chapter III - Opening of CNT including different methods (wet and dry methods), 
functionalisation and purification; Chapter IV- Filling of DWNT from solutions, by different 
methods for filling with iron or uranium. Chapter V- Direct CCVD synthesis of carbon-
encapsulated metal nanoparticles, including different CCVD conditions for synthesis, 
magnetic characterisation, heating effect, Magnetic Resonance Imaging (MRI) and toxicity of 
carbon-encapsulated metal nanoparticles. 
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I.1. Structure and properties of carbon nanotubes 
   
Since the discovery of Multi-Walled Carbon Nanotubes (MWNT) in 1991 by Iijima     
(Fig.I.1) [1] this carbon material became one of the most interesting materials in the modern 
science due to their amazing and unique properties (chemical, electronic, optical, mechanical, 
magnetic etc.). Just two years later, in 1993, a new huge effort has been done by Iijima, 
Bethune and co-workers who imaged tubular forms of carbon, called Single Walled Carbon 
Nanotubes (SWNT) [2, 3]. Great progress was made towards many applications, including for 
example: materials (energy storage, composites, etc.) or devices (probes, sensors, energy 
transports, memories, flat panel displays, etc.) [4]. 
 
  
Fig. I.1: TEM images of (a, b, c) the first reported multi-walled carbon nanotubes (MWNT) 
reported by Iijima in 1991 [1] and of (d) single-wall carbon nanotubes (SWNT) reported by 
Iijima et al. in 1993 [2]. 
 
I.1.1. Structure and properties 
I.1.1.1. Structure 
Carbon nanotubes can be considered as rolled up graphene sheets forming one 
cylinder which is closed at the ends by half fullerene molecules (Fig.I.2) [5].  
 
a) b) c) d) 
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Generally, CNT can be described by their type of structure and by the number of 
walls. Based on the orientation of the tubes axis with respect to the hexagonal lattice, the 
structure of nanotubes can be completely described through its chiral vector C  (Fig.I.2) 
which is denoted by the chiral indices (n, m) and where a 1 and a 2 are the graphene lattice 
vectors (Eq. I.1): 
                                                      C  = nx a 1 + mx a 2                                                     (eq. I.1) 
The chiral vector C  joins two crystallographically equivalent sites of the nanotubes on the 
graphene sheet (being the graphene basis [6] where a= |a1|=|a2| ≈ 2.49 Å).  
 
 
Fig. I.2 : Schematic of a two- dimensional graphene sheet illustrating lattice vectors a 1 and 
a 2 [6]. 
 
By rolling of graphite sheet in different directions, two specific nanotubes can be 
obtained: zigzag (m=0), armchair (n=m) and while both these types of tubes possess mirror 
symmetry, nanotubes with m≠n are chiral (Fig.I.3) [6, 7].  
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Fig. I.3: Roll-up of a graphene sheet leading to the three different types of CNT [7]. 
 
According to the number of walls, CNT can be separated in 2 groups: the first 
discovered “Multi-Walled“ CNT (MWNT) [1], the “Single-Walled” (SWNT) [2, 3]. On the 
border between SWNT and MWNT are Double-Walled Carbon Nanotubes (DWNT) which 
contain two concentric cylinders (Fig.I.4). 
 
 
Fig.I.4: Models of (a) a MWNT, (b) a DWNT and (c) a SWNT. 
 
(a) (b) (c) 
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 I.1.1.2. Properties 
The band structure of CNT is the most important factor to describe the conducting 
properties, which can be derived from the electronic structure of a graphene sheet [8]. 
Generally, one third of the SWNT are expected to be metallic, and the remaining two thirds to 
be semiconducting. By resolving the hexagonal-ring structure of the walls, it was shown that 
the electronic properties of SWNT depend on their diameter, the helicity [6] and the wrapping 
angle [9]. Experimentally, it was confirmed that an individual SWNT [10], a SWNT bundle 
[11] or a MWNT [12] behave intrinsically as a quantum wire because of the confinement 
effect in the tube. The metallic or semi-metallic nature of a MWNT is largely determined by 
the nature of its outer wall. It was observed that the high defect density in the structure of 
individual SWNT has a negative influence on their conductivity [13]. There are a number of 
reports on the resistance of nanotubes, but the lack of sample quality and purity makes them 
difficult to compare. When the measurement is carried out for purified SWNT ropes, the 
transport studies demonstrate ohmic contact, giving resistance as low as 20 kΩ at low 
temperature [14].  
In a weak-magnetic field, nanotubes exhibit large diamagnetic and paramagnetic 
responses depending on the field direction, the Fermi energy, the helicity and the nanotube 
radius [15]. It was calculated that the gap band of SWNT changes under uniaxial and torsional 
strains [16]. 
Theoretical calculations and experimental measurements showed that the thermal 
conductivity for SWNT [17] and MWNT [18] ropes at room temperature is between 1800 and 
6000 W/m-1K-1, whereas thermal conductivity of single MWNT was confirmed to be         
3000 W/m-1K-1 [19]. Berber et al. [20] reported an unusually high value, λ ≈ 6600 W/m-1K-1, 
for an isolated (10, 10) nanotubes at room temperature, comparable to the thermal 
conductivity of a hypothetical isolated graphene monolayer or diamond. 
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Generally, the optical properties of SWNT can be understood from their band 
structure. The photoconductivity of individual carbon nanotubes was measured and it was 
found that they act as the channel of field-effect transistor (FET) upon infrared laser 
illumination [21].  
The theoretical external specific surface area of CNT showed large values                
(50-1315 m2/g) as a function of their characteristics such as the diameter, the number of walls 
and the number of nanotubes in a bundle [22]. Increasing the number of walls and diameter 
decreases the specific surface area of CNT (Fig.I.5).  
 
 
Fig. I.5: Specific surface area of carbon nanotubes versus their diameter and number of walls 
[22]. 
 
One of the biggest advantages of CNT is their mechanical properties which are better 
than that of steel [13]. The elastic stretching properties of SWNT showed that they can be 
manipulated with large angle under high strain and no bond breaking was observed [13, 23]. 
The Young’s modulus (tube axis elastic constant) of a SWNT (1054 GPa) and a MWNT 
(1200 GPa) showed much higher values than those of a carbon fibre (350 GPa) or steel (208 
GPa) [24].  
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Small radius, large specific surface area and the σ-π hybridization make CNT very 
attractive in chemical applications because of their strong sensitivity to chemical or 
environmental interactions. However, the fact that pristine CNT are insoluble in organic and 
aqueous solutions makes great limitation. Functionalisation can be used to modify the 
interface between the environment and the outer wall of CNT. The chemical activity of the 
tubes is focused on the defects in the structure or on their tips where the carbon atoms have 
some sp3 character. The carboxyl groups, present in pristine samples of CNT or obtained after 
oxidising treatments of pristine samples are usually the starting point of the functionalisation 
of the tubes. They can be used for further attaching molecules like for example glucosamine, 
which makes the tubes soluble in water [25]. 
 
I.1.2. Applications  
 Due to the need of material with extraordinary properties in the last years, the 
application of CNT has grown. Generally, the applications of CNT can be separated into three 
areas: 
- for electronics- due to the nanometer size diameter and high electronic conductivity of 
CNT it was considered that nanometer-sized electronic devices containing CNT will be useful 
for downsizing circuit dimensions. Closed SWNT were used in producing electronic devices 
with four electrical contacts (SWNT-SWNT junction) [26]. Integration of multiple devices on 
a single chip allows constructing a nonvolatile random access memory (that functions like an 
electromechanical relay), an inverter and an AC ring oscillator [27, 28]. 
- for composite materials - with continued development in the synthesis and production of 
carbon nanotubes, composite materials containing nanotubes are a near-term application and 
will see innovations that take advantage of their special properties [29]. For example, 
composites made by deposition of conducting polymers onto MWNT can be used as 
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supercapacitor devices [30]. SWNT in poly (3-octylthiophene) polymer showed properties 
suitable for use in photovoltaic cells [31]. A donor-acceptor-type photovoltaic device with a 
heterojunction was fabricated with the addition of DWNT in the polymer layer, which 
improved the charge transport in the device [32].  
- CNT for transport and storage of energy- SWNT, DWNT or MWNT have been 
successfully applied as high current electron source, supercapacitors [33], flat-panel displays, 
solar cells, Li ion batteries and thermoionic emitters [34]. In the close future CNT are planed 
to be applied also for space elevator [35]. It was shown that SWNT bundles can be used as a 
host for hydrogen storage by the physisorption mechanism [36, 37]. It has been also predicted 
that CNT can be able to store liquids as well as gases in the inner core through capillary effect 
improving metal hybrid batteries [38].  
 
I.2. Synthesis of CNT 
There are three methods for synthesis of carbon nanotubes: arc discharge, laser 
ablation and chemical vapour deposition -CVD (CCVD, for “Catalytic Chemical Vapour 
Deposition”). 
 
I.2.1. Arc-discharge synthesis  
The arc-discharge method was first successfully used for production of fullerenes 
developed by Krätschmer and co-workers in 1990 [39]. Graphite rod is evaporated by 
applying an AC voltage in an inert gas (He) to produce fullerenes. The evaporated anode 
generates fullerenes in the form of soot in the chamber, and a part of the evaporated anode is 
deposited on the cathode. In that cathode, Iijima identified, CNT [1]. Large-scale production 
of MWNT by arc-discharge has been achieved also in He gas [40, 41]. When a graphite rod 
containing metal catalyst (Fe, Co, etc.) was used as an anode with a pure graphite cathode, 
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SWNT were generated in the soot [2, 3]. By a hydrogen arc discharge method, it was also 
possible to synthesize high-quality DWNT (about 55 wt. % in the as-prepared product) using 
MWNT/CNF as a raw material (CNF = carbon nanofibers) [42]. In general the arc discharge 
method is more useful for the production of MWNT. 
 
I.2.2. Laser ablation synthesis 
The laser ablation is another method for synthesis of CNT using evaporation of carbon 
target by laser. The first laser ablation synthesis of SWNT was achieved in 1995 by the 
Smalley group [43]. Graphite composite target (C= 98.8 at.%) and catalyst of Co/Ni           
(1.2 at. %) were placed in a 1200°C quartz tube furnace with an inert atmosphere of 500 Torr 
of Ar and vaporized with a laser pulse. The metal particles catalyze the growth of SWNT in 
the plasma plume with diameter distribution between 1.0 and 1.6 nm, but many by-products 
are formed at the same time. In principle, arc-discharge method and laser ablation are similar 
methods, as both use metal graphite target to produce SWNT and both produce MWNT and 
fullerenes when pure graphite is used instead. Although laser ablation usually leads to much 
cleaner samples. 
 
I.2.3. CCVD synthesis  
CCVD (Catalytic Chemical Vapour Deposition) is the third method (or family of 
methods) for synthesis of CNT. The possibility to control the experimental conditions gives 
opportunity to optimize the process in order to produce high yield product with high quality. 
This technique is based on decomposition of a carbon-containing gas in the presence of 
catalytic metal nanoparticles. These nanoparticles can be obtained by decomposition of 
organometallic precursors [44], by reduction of a supported metallic precursor [45] or by 
selective reduction of a solid solution [46]. Numerous of parameters like temperature, reaction 
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time, composition of the gas or gas flow rate control the nature of the carbon product. At the 
beginning CNT have been synthesized by decomposition of acetylene [47, 48]. Later, other 
sources of carbon like methane [49], benzene [50], carbon monoxide [51] or ethanol also have 
been also used.  
The team Nanocomposites and Carbon Nanotubes (NNC) in CIRIMAT developed the 
first synthesis of DWNT in high yield (1g of DWNT from 10 g of catalyst) by decomposition 
of a mixture of CH4/H2 using Co/Mo-MgO catalyst [52], with high selectivity (about 80 % of 
CNT are double-walled, Fig.I.6).  
 
Fig. I.6: (a) cross section HRTEM image of DWNT, (b) distribution of the number of 
walls established from images of 96 CNT, inner (di) and outer (do) diameter distribution (c) 
for 96 CNT and (d) for DWNT only [52]. 
 
 The big advantage of this synthesis is that residual metal catalyst nanoparticles and 
MgO can be easily removed by hydrochloric acid washing without damaging the tubes [52]. 
Li et al. [53] synthesized DWNT from MgO impregnated by Co/Mo catalyst (from 2.5 to       
5 wt. % of Co) in CH4/H2 atmosphere. The selectivity and the yield in this case are not given.  
Flahaut et al. [54] reported the synthesis of DWNT starting from catalyst prepared 
from Al2-2xFe2xO3 solid solution. The CNT-Fe/Fe3C-Al2O3 composite was prepared at 1050°C 
in H2/CH4 atmosphere and as a result about 65% of the CNT composite are DWNT. Liu et al. 
[55] demonstrated the importance of the addition of Mo in the catalyst by increases the CNT 
yield. In this case Fe-Mo/Al2O3 catalyst was treated in Ar/CH4 atmosphere at 950°C. Single 
(70%) and double (30%) walled carbon nanotubes were obtained.  
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It was also demonstrated that alcohol can be used as an ideal carbon source to prepare 
DWNT over alumina supported Fe-Mo catalyst at 800°C with high selectivity (95%) and 
high-purity [56]. DWNT with outer diameter in the range 1.5-3.5 nm and an average 
interlayer distance of 0.38 nm between the concentric tubes were observed. More recently, 
Yamada at al. [57] synthesized vertically aligned DWNT in Si/SiO2 substrate using Al2O3/Fe 
catalyst by decomposition of acetylene. Forests of CNT with heights of up to 2.2 mm were 
obtained (with 85% selectivity of DWNT). 
  
I.3. Opening of carbon nanotubes  
I.3.1. Introduction 
 In general, two methods for filling of carbon nanotubes are known: filling during 
synthesis which is a single-step procedure (in situ) and filling after opening of CNT (ex situ) 
which is the most versatile route because it is able to insert nearly any kind of materials in 
CNT [58]. The very first step for ex situ filling of nanotubes is dedicated to the opening of 
their tips, which can be achieved using two main ways [58]. Both have been documented a 
long time ago and consist in using thermal treatments in oxidizing gas atmosphere (air, O2, O3 
[59], CO2) or liquid reactants, typically, supercritic water or oxoacids such as HNO3, mixture 
of HNO3 and H2SO4 or HClO4 [60]. Some other oxidants such as KMnO4, H2O2 [59], 
K2Cr2O7, OsO4, OsO4-NaIO4 [61] or activation with KOH [62] are also used. Methods for 
opening CNT such as mechanical ball milling opening [63] or electrochemical opening [64] 
can also be used.  The liquid phase oxidation tends to generate residues that may more or less 
cover the CNT, hindering characterisation or filling. In this regard, gas phase oxidation may 
be preferred. 
The methods used for opening of CNT may also be used for purification, 
functionalisation and shortening of CNT.  
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Considering the high inertness of the graphene lattice towards chemical oxidation, 
opening normally occurs at the location of structural defects or high strain. However, a major 
discrepancy in the behaviour of MWNT versus SWNT upon oxidation treatment for opening 
purpose is that the former are able to open from the tips only, whereas SWNT are able to open 
from the tips and side wall. In MWNT, the complete opening of the wall structure is almost 
impossible, except at the tip region where pentagons are present. Once CNT have been 
opened, their opened ends possess extra interesting properties and often additional potential 
applications. Compared to the closed CNT, open-ended CNT have higher conductivity and 
much improved field-emission properties [65]. Open-ended SWNT were found to be much 
more active centres for the N2 adsorption and the activation of the N-N bond [66]. Liu et al. 
[67] and Heu et al. [68] studied the modification of the geometrical structures and chemical 
shifts of open-ended SWNT using density functional theory.  
In general, theoretical work leads to the conclusion that the open-ended tubes show 
different reactivity properties than the raw closed tubes mainly due to the differences of their 
electronic structure [69].  
 
I.3.2. Methods for opening of CNT 
I.3.2.1. Wet chemistry route 
I.3.2.1.1. Opening by oxoacids 
The oxidation of CNT by oxoacids like for example by HNO3, HClO4 or a mixture of 
HNO3 and H2SO4 have many advantages such as low operation temperature and high 
selectivity at the tips. 
    The pioneers of filling of CNT from solution, Green et al., [70] successfully used 
conc. HNO3 in order to open MWNT. The reaction was performed for 24 h at reflux. The 
same authors found by observation of 60 MWNT that about 90 % were selectively opened in 
 26 
the cap region. It was also concluded that the tubes were specifically attacked at those places 
where the curvature of the tube implies the presence of non-six carbon rings. Since this 
moment, HNO3 oxidation became the common step of the preparation of CNT for further 
applications used by many authors [71, 72].  Green and co-workers demonstrated that MWNT 
can be even opened at low temperatures of oxidation [73]. The opening was performed at 11 
°C for 8-24 h using conc. HNO3 and then followed by successful filling from solutions. A few 
years later, in order to fill MWNT with Tin(IV) oxide from solution Gao et al. [74] first 
opened the tubes by reflux at 140°C for 3 h. using HNO3 (20 wt. %).  
Opening by HNO3 was also applied in order to open SWNT and DWNT. Due to their 
single or double-layer structure, SWNT or DWNT have to be opened in less aggressive acidic 
conditions in order not to be seriously damaged. Borowiak-Palen et al. [75-77] used 30 h 
reflux in 2M HNO3 solution for opening of SWNT before filling. The same conditions were 
successfully applied in order to open DWNT for the same use [78].  
Concentrated HNO3/H2SO4 1:3 mixture is known to intercalate and exfoliate graphite 
[79]. That is why this method was also applied in order to open SWNT. Due to the strong 
oxidising nature of this mixture, SWNT were treated only for 1 h at 70°C, temperature lower 
than in case of HNO3 treatments [80]. It was also reported that SWNT with average length of 
280 nm can be shortened to 150 nm after treatment. A few years later, it was shown that, 
using the same method, the length of purified SWNT bundles can be reduced from typically 
>10 µm to 2 and 0.5 µm [81]. It was also observed that HNO3/H2SO4 (1:3) shortened SWNT 
(38-    436 nm) give a good dispersion behaviour [82]. In comparison with some mechanical 
method such as cutting of SWNT by grinding in a mixture of β-cyclodextrin and ethanol [83] 
it was observed that after  HNO3/H2SO4 mixture treatment of SWNT the lengths of the tubes 
was shorter (200 – 700 nm) which makes the chemical treatment more efficient. Recently, 
Holloway et al. [84] successfully opened MWNT using a 1:3 mixture of concentrated 
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HNO3/H2SO4 and reflux for 4h at 110°C. From the HRTEM images, it was observed that the 
opened ends of the tubes were secondary closed by carboxylic function groups. In order to 
remove oxygen-containing functional groups introduced during the acid pre-treatment, the 
acid-treated MWNT were annealed at 900°C under vacuum for 2h (Fig. I.7), leaving holes in 
the structure. 
 
 
Fig. I.7 : A schematic cross- sectional representation of the consecutive formation and 
principal structural on the raw, acid treated and annealed MWNT [84].  
 
 It was shown that the oxidation of SWNT by HClO4 at room temperature for 24 h can 
open the tips of the tubes. The attack by oxoacids occurs very specifically at defects of the 
nanotubes, without thinning of the walls [85, 86]. 
  
I.3.2.1.2. Opening by other oxidants  
 Several oxidants such as KMnO4, K2Cr2O7, H2O2, OsO4, OsO4-NaIO4 and RuO4 are 
known to open the tips of the tubes. Many of the details of these oxidising processes are 
unknown. Hwang et al. [61] studied the ability of cleaving graphene layers of CNT using 
several oxidants. Two powerful oxidants, K2Cr2O7-H+ and H2O2-H+ were found to be unable 
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to cause opening of CNT under experimental conditions. When KMnO4 was used about 64% 
of the tubes were observed to have open ends. In acidic solution, MnO-4 was reduced in MnO2 
and the two species come into play in the cap-opening processes. In neutral solution, the 
amount of MnO2 is strongly reduced due to the very inefficient reduction process of MnO4-, 
and only about 15% of the tubes were observed to have one open end. When MnO2 was added 
externally to the neutral MnO4- solution, 59% of CNT were observed to be opened, indication 
the crucial role of MnO2 in the nanotubes end-cap opening processes. The same authors 
examined the oxidation power of OsO4 and RuO4 which are known to be able to cleave a 
single olefin bond in small organic molecules. Upon heating for 60 min in RuO4 solution, 
91% of nanotubes end caps were opened and 83% of nanotubes had both ends opened. 
Although having the highest efficiency, the RuO4 system is not considered as the best system 
since the majority of CNT were destroyed and much fewer CNT were observed under TEM. 
Further heating for 90 min resulted in complete destruction of the tubes.  
Satishkumar et al. [71] investigated the effect of opening of MWNT by oxidants such 
as aqueous OsO4 or OsO4-NaIO4 at room temperature for 24 h or by refluxing in acidified 
KMnO4. The advantage of OsO4 oxidation is that it can be carried out at room temperature but 
due to the high toxicity of this product the treatment with KMnO4 seems to be a better 
procedure (Fig.I.8). 
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Fig. I.8: TEM images of carbon nanotubes opened by (a) boiling HNO3, (b) boiling acidified 
KMnO4, (c) HF/BF3 at room temperature and (d) OsO4 solution at room temperature. 
Schematic drawings are shown to help in visualizing the opened nanotubes [71]. 
 
 
Recently, it was discovered that hydrothermal treatment of MWNT for 6 h in 
autoclave (473K) in a presence of H2O2 (30%) can open the tips (Fig.I.9) [87]. 
  
Fig. I.9 : HRTEM images of (a) raw MWNT and then (b) MWNT opened by H2O2 in 
autoclave [87]. 
 
 
a) b)
) 
 30 
“Piranha” solution is well known as a very aggressive oxidant and can be also applied 
to open the end of CNT. The 4:1 mixture of 96% H2SO4 and 30 % H2O2 results in the 
formation of the strong oxidant H2SO5 (Caro’s acid). 
             H2SO4 + H2O2 → H2SO5 +H2O                            (eq. I.2) 
 
Treatment with a mixture H2O2/H2SO4 was introduced by Smalley et al. [80] as a 
method for chemical shortening of SWNT.  
The same research group has shown that piranha solution heated up to 70°C 
successfully damages the sites in the nanotubes sidewalls and induces cutting and opening of 
SWNT [88, 89]. After a 9 h treatment at 70°C, the average length was less than half of the 
original length, but the weight loss was about 54 %.  
It was also demonstrated that treatment of CNT by SF6/O2 minimises sidewall damage 
by deactivating the metal catalyst during oxidation. This fluorination treatment is used as a 
first step of opening and cutting of CNT introducing carbon-carbon bonds breakage. Once the 
carbon-carbon bonds were damaged, etching by piranha solution for 9h at 70°C was applied 
and in this case 70-80% of the tubes were found with a final average length of 100 nm. 
Piranha solution is capable of attacking existing damaged sites and consuming the oxidised 
vacancies to generate cut SWNT (Fig.I.10) [89].  
 
 
Fig. I.10 : Schematic for etching of SWNT. This etching can occur from (a) the ends of 
the nanotubes or (b) at a damage site where carbon-carbon bond breakage has occurred 
[89]. 
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I.3.2.2. Dry route 
 The dry route method for opening of CNT is fast, and scalable to large quantities. Gas 
phase thermal oxidation processes are often used as a part of CNT purification protocols. 
Ajayan et al. [90] first found that MWNT can be opened by oxidation in air. In this 
experiment, MWNT were heated only for 10 min at 800°C and as a result, about 20% of the 
tubes were completely open. Even for tubes which were not completely open, peeling of the 
outer layers occurred, initiating at the capped ends of the tubes. This peeling results in the 
thinning of the tubes layer by layer and seems to be just the reverse of the layer-by-layer 
growth mechanism. A few years later, opened MWNT have been investigated after thermal 
treatment in air [91]. It was shown that although the shortening of the tubes takes place at the 
ends of the tubes, the dominant burn-off mechanism makes the walls to be thinned. Tran et al. 
evidenced that the oxidation of MWNT in air is an efficient method to produce open 
nanotubes [92]. It was shown that after treatment of the tubes in air at 600°C for 5 min about 
68 % of the tubes were opened. Moreover the average length of the tubes was shortened from 
over 5 µm to approximately 500 nm.  
 The theoretical calculations of Zhu et al. [93], concerning adsorption and desorption of 
an oxygen molecule on CNT, suggest that carbon nanotubes can survive selectively during the 
oxidative etching process with a precise control of the temperature. Fan et al. [94] 
experimentally demonstrated the importance of the temperature rate when the oxidation was 
performed in air. It was shown that a slow temperature-increase of 1°C/ min can improve the 
selectivity of the opening of SWNT and also give better quality of the final product. 
Subjecting raw SWNT obtained by arc process to a thermal treatment at 380°C in air within a 
tubular furnace is able to create openings in the sidewall as wide as 0.7 nm or more with an 
overall weight loss in the range of 40 % (including the impurities in the sample ) [58].  
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Single-Walled Carbon Nanohorns (SWNH) were also found to be attacked by CO2 at 1273 K 
(Fig.I.11) [95]. 
 
Fig. I.11 : Schematic illustration of nanohorn oxidation during heat treatment in CO2 [95]. 
 
Gas or liquid phase oxidation procedures are efficient in opening MWNT or SWNT, 
although conditions have to be more severe for the former. The wet oxidation is carried out at 
temperatures below 150°C, whereas gaseous methods typically required temperature of at 
least 400°C. However, liquid phase oxidation tends to generate residues that may more or less 
cover the nanotubes, thereby hindering subsequent treatments (such as filling) or 
investigations (such as TEM). In this regard, gas phase oxidation may often be preferred. 
 
I.3.3. Secondary reactions during opening 
 During the opening of CNT, due to the very strong oxidising conditions some 
secondary reactions like functionalisation can take place. Typically, when the tubes were 
opened by oxoacids such as HNO3 or mixture of HNO3/H2SO4 carboxylic functional groups  
(-COOH groups) appeared on the surface of CNT. In the same time, the metal catalyst 
nanoparticles and the amorphous carbon present in the samples were also attacked by the 
acids. In most cases, these impurities were totally removed. When the tubes were opened by 
some other oxidants, functionalisation and purification of the samples were also observed. 
During opening of CNT in air, the more reactive amorphous carbon impurities and pentagonal 
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carbon shells around the catalyst nanoparticles were also burned, what leads to the 
purification of the samples. 
 
I.3.3.1. Functionalisation by oxidising treatments 
Most of the methods used for opening of CNT such as oxidation by oxoacids         
(HNO3 or H2SO4/HNO3) or by some other oxidants were often used also in order to modify 
the CNT surface and to form functional groups.  
Kuzmany et al. [96] showed that when SWNT were treated in reflux by 2M and 14M 
HNO3 for 11h carboxyl groups were formed on the walls (Fig.I.12). When reflux with conc. 
HNO3 for 1.5 h was applied, SWNT were found to be covered by carboxylic functions as 
shown by the presence of a broad infra-red peak at 1741 cm-1, which is assigned to –COOH 
groups [97]. The creation of carboxylic (–COOH) and sulfonic (SO3H) groups was also 
observed when SWNT were treated by a mixture 1:1 of H2SO4 and HNO3 only for 3 min 
using microwave treatment [98].  
 Musso et al. [99] investigated the functionalisation of MWNT by H2SO4/HNO3 (1:3) 
for 5h at different temperatures (0°C, room temperature and 70°C). In the three cases the 
oxygen-containing functional groups interacted with the tubes surface creating –COOH and   
–SO3H groups. 
 
Fig. I.12 : Visualisation of functionalised SWNT after oxidation HNO3 [96].  
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The functionalisation by some other oxidants such as KMnO4, which is a well known 
powerful oxidant used for opening of CNT, was also studied [100]. The oxidation process was 
performed by adding KMnO4 to a suspension of MWNT in H2SO4. Some functional groups, 
particularly –COOH and –OH, were generated by this technique. Using the protocol proposed 
by Zhang et al. [100] it was found that, after treatment of DWNT with KMnO4 and H2SO4 
and sonication for 8h, carboxylic groups were formed on the external wall of DWNT (which 
protect the internal one) [101]. 
Recently, it was reported about functionalisation of MWNT in K2Cr2O7/H2SO4 
solution (stirring/reflux 2h) which is an effective treatment agent for introducing –OH groups 
for short treatment times [102]. H2O2 was also used to functionalize MWNT [103] and it was 
observed that aldehydic and hydroxyl groups were dominating. 
In order to estimate the amount of reactive groups on the CNT surface after chemical 
modification induced by the oxidation the samples usually were analysed by Fourier 
transformed Infrared spectroscopy (FT-IR) or X-ray photoelectron spectroscopy (XPS) [99] 
The estimation of the number of the functional groups can be determined by argentometric 
titration [104]. The electron scanning microscopy (SEM) and transmission electron 
microscopy (TEM) can be also used in order to study visually the structural changes after the 
oxidative treatments.  
Using FT-IR spectroscopy, Wang et al. [98] determined the structure of the chemical 
functional groups formed after oxidation of SWNT by a mixture of H2SO4/HNO3 (1:1). The 
line at 1719 cm-1 was assigned to the C=O stretching mode of the –COOH groups on the 
SWNT, whereas the intense, broad line centred at 3422 cm-1 was assigned to the –OH 
stretching mode of the –COOH groups. The strong line observed at 1355 cm-1 was assigned to 
the asymmetric SO2 stretching mode of the acid sulfonate (-SO2OH) group. The FTIR 
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spectrum is consistent with elemental analysis which showed that one over three of the carbon 
atoms on the SWNT backbone was carboxylated, and one over 10 was sulfonated.  
Li et al. [105] found that, in MWNT treated by H2SO4/HNO3 mixture for 8h (60°C)  
the total percentage of acidic sites calculated by acid-base titration was about 0.2-1%. Zhang 
et al. [106] demonstrated that after oxidation of SWNT with the same acid mixture for 2h one 
new peak around 1719 cm-1 appears. It is normally assigned to the C=O vibration in the 
COOH groups, which means that the acid-mixture treatment will introduce some C=O groups 
to the end or the side of the SWNT. 
The XPS technique can be used to estimate the quantity of oxygenated functions at the 
surface of the tubes (semi-quantitative analysis). Using XPS, Musso et al. [99] found that the 
level of oxygen in MWNT samples after oxidation by H2SO4/HNO3 (1:3) for 5h goes from 
8.7 wt.% from samples treated at 0°C to 20.5 wt.% at 70°C. XPS was also used to characterise 
MWNT oxidised by KMnO4 in H2SO4 and showed that about 12% of carbon atoms are 
bonded with an –OH group and 7.45% with a –COOH group [100]. 
Acid-base titration of the opened nanotubes gives more precise estimation (depending 
on the purity of the sample) of the concentration of the surface acid groups [71]. The 
concentration of the surface acid groups on the nanotubes opened by the different oxidants 
was found to be in the range of 2 x 1020-10 x 1020 acid sites/g of nanotubes, except in the case 
of OsO4 which gave a concentration of 5 x 1019 sites/g (Table I.1) [71]. 
Table I.1. Estimation of the concentration of the surface acid groups 
after acid-base titration [71] 
 
One recent paper describes the problems of functionalisation of SWNT and MWNT by 
reflux in 9M HNO3 for 1-24 h [107]. The oxygen-containing groups found in the sample are 
mainly carboxyl, carbonyl and hydroxyl groups. These groups are located on the tips of the 
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tubes (pentagonal carbon structure) and on defective parts of the walls but also on 
carbonaceous fragments (CFs) adsorbed on MWNT during the oxidation reaction. Actually, 
over-oxidation might cause CNT collapse and produce carbon species in the form of CFs; 
This process also produces so-called cutting of CNT. With a strong oxidant, carbon will be 
transformed to CO2. This process can be described by the following equation: 
 
When the oxidised CNT were washed by NaOH solution, the carboxylated 
carbonaceous fragments were removed (Fig.I.13) and the quantity of functions (estimated 
from TEM, Raman scattering spectroscopy, thermogravimetric analysis and XPS) decreased 
[107].  
 
Fig. I.13: The process of CNT oxidation [107]. 
 
The observation of these samples also suggests that carboxyl related secondary 
bonding forces might play a role in the stacking of oxidised SWNT and formation of bundles 
[108]. 
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The functionalisation of the tubes makes them useful in many applications. It was 
shown that the MWNT covered by carboxylic (-COOH) or carbonyl (-C=O) groups provide 
favourable nucleation sites for metal nanoparticles (Pd, Rh and Ru) growth [109] or to cover 
the nanotubes surface with Pt [110], RuO2 [111] or Ag [112] nanoparticles. In the last years, 
the functionalised CNT took an important place in medicine. SWNT were functionalised by 
H2SO4/HNO3 (3:1) and the existence of –COOH groups provided precondition of covalent 
immobilization of enzymes [113]. For bio-application of CNT, the functionalisation is 
required in order to solubilise CNT and to allow biocompatibility and low toxicity. When the 
tubes were functionalised, for example by HNO3, the –COOH groups can be used as active 
site for conjugating with hydrophilic polymers suitable for imaging or drug delivery [114].  
 
I.3.3.2. Purification of CNT 
Most of the methods for opening of CNT are also used in order to purify them from 
amorphous carbon impurities or metal catalytic nanoparticles. In general the two methods 
which were used for opening (gas phase oxidation and liquid phase oxidation) are also often 
used in purification. 
 
I.3.3.2.1. Gas phase oxidation 
 In gas phase oxidative purification, CNT are purified by oxidising carbonaceous 
impurities at a temperature ranging from 225°C to 760°C under an oxidising atmosphere 
[115]. The commonly used oxidants include air [116-119], CO2 [120] or steam [121]. 
High temperature oxidation in air is an extremely simple and successful strategy for 
purification of amorphous carbon impurities in CNT. If the temperature is high enough the 
carbon oxidises and forms carbon dioxide (Eq. I.3 and I.4): 
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       C + O2 → CO2                                         (eq. I.3) 
                2 C + O2→2 CO              (eq. I.4) 
Ebbesen et al.  [116, 119] first reported about opening and purification of MWNT by 
oxidising the as-prepared sample in air at 750°C for 30 min. However, due to the very strong 
oxidation, the yield of pure MWNT is very low (1-2 wt. %). Few years later, in order to 
remove carbon nanosphere impurities, Bandow et al. [122] decreased the oxidising 
temperature to 500°C for 30 min in dry air. By this treatment, the purify of MWNT reached 
90%. Colomer et al. [123] found that the best conditions for purification of amorphous carbon 
impurities in a MWNT sample were at 500°C for 210 min where the yield of the purified 
tubes was 45 %. It has to be pointed that purification of CNT in air is usually followed by 
additional washing with for example NaOH or HCl [124].  
 High-yield purification of SWNT was investigated by Moon et al. [117]. It was 
concluded that amorphous carbon impurities were removed at 470°C for 50 min, evidenced 
by SEM images. Many authors mention that purification in air was found to be definitely 
successful in order to remove amorphous carbon impurities, while Gijewski et al. [125] 
inform about problems with purification of graphitic nanoparticles impurities in SWNT. Due 
to the higher oxidation stability than SWNT, some graphitic nanoparticles remained in the 
sample even after air oxidation at 355°C for 200 min. 
Li et al. [126] observed that carbon nanoparticles were not removed at 400-650°C, while 
at 650-750°C they were oxidised together with DWNT. The problem of the quality of the 
purified DWNT after air purification was studied by Raman spectroscopy later [127]. The 
results show that at 440°C the D band which corresponds to the defect structure was 
completely eliminated but information about the yield was not given.  
As a conclusion the gas phase oxidation is a simple method for removing carbonaceous 
impurities and opening the caps of CNT apparently without introducing sidewall defects, 
 39 
although it cannot be used to directly get rid of metal catalyst and large graphite particles 
[115].  
 
I.3.3.2.2. Liquid route oxidation 
Liquid route oxidation used for opening of CNT was also used for their purification. The 
liquid route purification is supposed to oxidise the residual metal nanoparticles, amorphous 
carbon and graphitic nanoparticles from CNT samples. Purification with HNO3 is the most 
popular acidic method for opening CNT but also for removing of catalyst metal nanoparticles. 
Using the procedure of Liu et al. [80], it was found that simple reflux of SWNT in 2.5M 
HNO3 for 24h can remove almost all metallic nanoparticles leaving sometimes empty 
nanocapsules [128]. After electron microscopy investigations of SWNT treated for 45h in      
2-3 M HNO3, it was found that Ni and Co nanoparticles were almost completely eliminated, 
but carbon-coated SWNT in bundles were still observed [129]. 
Two years later, Hu et al. [130] reported a systematic evaluation of the use of HNO3 as a 
purification treatment for SWNT. It was concluded that by increasing the concentration of 
HNO3 (3, 7 and 16 M) and the treatment time (6, 12 and 48h), the metal content decreases 
(from 28.1 wt. % to 0.2 wt. %) (Fig.I.14). At the same time it was found that the weight loss 
increased while increasing the concentration of HNO3 and finally after the oxidation by 16M 
HNO3 for 12h, only 20% of the initial mass were obtained.  
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Fig. I.14 : Mass balance of the normalized weight % of all components including SWNT, 
metal, carbonaceous impurities, and weight loss of the SWNT [130]. 
 
It was found that acids such as conc. HNO3 or diluted 1M HNO3 can rapidly absorb 
microwave heat and energy to dissolve completely the residual metals and carbon without 
damage to the sample of SWNT [131]. Martinez et al. [132] developed an efficient 
purification procedure of SWNT using microwaves in combination with 3M HNO3, which 
reduced the treatment time up to 1h compared to conventional reflux times of 45h. It has to be 
pointed out that the residual metals (Ni, Y) were reduced from 20 wt. % to 4 wt. % in only 2h. 
Samples of MWNT containing 30 wt. % metal nanoparticles were purified by microwaves 
only in 30 min (210°C) in the presence of 5M HCl/ 5M HNO3 (1:1) and as a result the metal 
content decreased to 5 wt. % [133]. At the same time the results showed that no damaged 
MWNT was observed. 
The well known HNO3/H2SO4 (3:1) oxidation method was applied on MWNT [134] for 
48h in order to purify them and as a result the amorphous carbon impurities in the sample was 
removed while the metal catalyst nanoparticles were agglomerated and not eliminated. 
The strong oxidant KMnO4 was found to be suitable for purification of different carbon 
materials like SWNT [59], MWNT [135] or buckytubes [136]. Ebbesen et al. [59] found that 
MWNT can be free of amorphous carbon after treatment of the sample in oxidant solution 
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such as KMnO4/H2SO4 at 80°C. The yield of purified MWNT was about 40 % and amorphous 
carbon was not observed by TEM. The purification of MWNT was shown to be more efficient 
when the tubes were first treated in air at 590°C for 3h and then oxidised with KMnO4 [137]. 
It was also shown that 0.4M KMnO4 acidic solution is optimal in order to have maximal yield 
of amorphous carbon free MWNT [137]. Various physical analytical methods such as RBS, 
PIXE and XRF were used to determine the residual Co nanoparticles content in MWNT 
samples. It was concluded that the metal catalyst can be removed by oxidation in 
KMnO4/H2SO4 from 1.6 wt. % to 0.7 wt. % and only particles encapsulated in the central 
channel of MWNT were not removed [138]. It would be advantageous to reduce the number 
of purification steps and from this point of view KMnO4 is at least a suitable candidate. 
Due to the high number of carboxylated carbonaceous fragments (CCFs) which appear 
after acid purification with HNO3 or HNO3/H2SO4, many authors apply a second step for 
purification. Rinzler et al. [139] proposed, as a second step, washing with alkaline hydroxide 
solution, which removes great part of the more reactive functionalised CCFs from the sample. 
The effectiveness of sodium hydroxide in removing CCFs is probably because of the 
deprotonation of the functional groups presented on the CCFs, making them more soluble in 
the basic aqueous solution. This two-step method for purification was used later for both kind 
of tubes, SWNT [140, 141] and MWNT [142]. Green and co workers [140] found red filtrate 
after the NaOH treatment. After neutralisation by HCl to pH 7 the water was evaporated and 
the resulting material was analysed by IR spectroscopy. The results showed a presence of –
COOH groups in the IR spectra as evidence that the functionalised CCFs were removed from 
the walls of the tubes. Combined with acid treatments, the oxidation in air was also found to 
be a very efficient method to remove the CCFs of acid treated tubes [143, 129, 144]. Chen et 
al. [145] showed typical two-step method for purification where after 3M HNO3 oxidation for 
24h at 60°C (metal catalyst removing), MWNT were oxidised in air at 510°C for 1h and 
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finally obtained a sample with high purity (about 96 wt. %). However, the lack of carbon and 
metal losses after this treatment make the conclusion difficult. 
In principle the methods used for opening of the tube are based on chemical oxidation 
(Gas phase oxidation, liquid phase oxidation, electrochemical oxidation). There is also 
another group of method for purification which was not useful for opening of the tubes. These 
methods are mainly based on physical purification such as micro-filtration [122, 146], 
centrifugation [147, 148] and high temperature annealing [149,150, 124]. 
 
I.4. Filling of carbon nanotubes 
     
Following the discovery of these striking materials, numerous attempts to fill the 
nanoscale cavities of carbon nanotubes have been made.  Filling nanotubes while they grow 
(in situ filling) was one of the pioneering methods. In most cases, however, the filling step is 
separated from the synthesis of the nanotubes. Three methods can then be distinguished: (a) 
wet chemistry procedures and physical procedures, involving capillarity filling by (b) a 
molten material or (c) a sublimated material. Generally speaking, the mechanism of filling via 
liquid routes is not very well understood. The work of Dujardin et al. [151] stressed the 
surface tension of the liquid as a key parameter for the successful filling of CNT. Very 
important factor for the filling of the tubes from solutions or melted phases is their diameter 
which is the key to the filling yield. 
Generally, the filling of CNT can be performed by two different ways: a) filling during 
synthesis (in situ) and b) filling after synthesis (ex situ).  
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 I.4.1. In situ filling 
In situ filling was one of the first ways by which foreign materials were introduced in 
MWNT. Generally, two methods allow it: one is the electric-arc process [152] and the other 
one is the CCVD process. 
MWNT usually grow as a cathode deposit often filled with the catalyst. However, 
efficiently and control of the filling process is low due to the huge temperature gradients that 
are in the plasma zone in arc-related processes. 
     
I.4.1.1. Arc-discharge in situ filling 
More than one decade ago, the arc-discharge method was used to produce filled CNT 
especially for semiconductor application [153]. Long nanowires were produced in large 
quantities for filling with Se, S, Sb and Ge. The possibilities of the method were demonstrated 
by the successful long filling (few hundreds of nanometers) with 12 elements belonging to 
different groups: non-metals (S, Ge, Se, Sb) [153], transition metals (Cr, Ni) [154] and rare 
earth metals (Dy, Yb) [154]. It was observed that the nanotubes are open on one end and often 
capped by a particle on the other end. During in-situ synthesis of metal filled CNT the role of 
the presence of sulfur added or naturally present as an impurity was demonstrated [154]. As a 
general scheme (Fig.I.15), the MWNT starts to grow from a carbon-rich metal particle 
deposited on the cathode. It was proposed that sulphur enhances the catalytic activity of the 
metal as far as graphitisation is concerned and helps the filling materials to remain in the 
liquid state and to flow inside the growing nanotubes. 
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Fig. 1.15 : Schematic growth mechanism proposed for the formation of a carbon 
nanotube filled with a metal in the presence of sulphur [154].  
 
Recently, Cu-filled MWNT were synthesised in a traditional DC arc-discharge reactor 
in argon atmosphere with coal as carbon source [155] (Fig.I.18). The microscopy observations 
show that on average, more than 40-50 % of the as-prepared CNT are filled with nanowires 
(Fig.I.16). 
 
 
Fig.I.16 : (a) TEM and (b) HRTEM image of Cu-filled carbon nanotubes [155]. 
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I.4.1.2. CCVD in situ filling 
Filling CNT this way is generally restricted to materials that are catalyst for carbon 
growth (Ni, Co and Fe). By decomposition of ferrocene using CCVD, Hampel et al.  [156] 
managed to produce Fe-filled MWNT with yield about 45 wt. %. In this experiment, the 
advantages of CCVD in situ filling were demonstrated. Also the final product was found to be 
with high purity and good magnetic properties. Recently, the same authors studied the 
magnetisation behaviour in iron-filled carbon nanotubes prepared by thermal CVD in situ 
method [157]. It was concluded that the level of the defects in the carbon structure have 
influence on their magnetic properties such as coercivity and saturation magnetisation. In the 
work of Fang et al. [158] it was demonstrated that CCVD in situ filling can be modified by 
use of some variations and Co-filled MWNT were produced by electron cyclotron resonance 
microwave plasma CVD (ECR-CVD). This type of synthesis makes the tubes straighter and 
the filling more uniform (Fig.I.17). 
 
 
Fig. I.17 : TEM image of Co- filled MWNT. 
 
Carbon nanohorns filled with single crystalline Cu nanocones (Cu-CNH) were 
synthesised by CCVD using alkali-element doped Cu catalyst (Fig.I.18 (a) and (b)) [159]. The 
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product had a high chemical stability and also it can be good candidate for electronic devices 
due to its good conducting and electronic properties. 
     
Fig. I.18 : (a) Schematic representation of the growth process of a Cu-CNH and (b) 
TEM image of Cu-CNH [159]. 
 
I.4.2. Ex situ filling 
I.4.2.1. Filling of CNT by sublimated materials 
The sublimation method consists in putting in contact the previously opened 
nanotubes (MWNT, SWNT) and the vapour of the material to insert. In a typical experiment 
the open tubes and the filling material are placed in a Pyrex or quartz vessel that is evacuated 
before being sealed, and then heated up to the vaporisation temperature of the filling material, 
or slightly above. This is the way fullerene peapods are usually prepared in SWNT (Fig.I.19) 
[160]. 
 
 
Fig. I.19 : A 2.7 nm diameter nanotube filled with and irregularly arranged cluster of 
C60 molecules (scale bar, 5 nm) [160]. 
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The sublimation method was also successfully used in order to produce C60@MWNT 
system [161]. It was pointed that the diffusion of C60 only take place through open tube ends, 
and therefore an effective opening of MWNT is necessary. It was also observed that when the 
inert diameter of the tubes is about 2 nm the fullerenes form zigzag chains, while when the 
diameter are bigger than 3 nm there are irregular arrangements of C60. The forming 
mechanism of C60 into nanotubes was studied using boron nitride nanotubes (Fig.I.20) [162]. 
It was concluded that by increasing the diameter of the tubes, the C60 molecules may form a 
single-wall nanotubes inside the insulating template. 
 
 
 
Fig. I.20 : Model predictions for C60 filled nanotubes with diameter (a) 2.2 nm , (b) 
2.8 nm , (c) 3.3 nm. [162]. 
 
For other types of materials such us RexOy to insert that do not exhibit the same 
affinity for the graphene lattice [163], the filling mechanism is therefore slightly different and 
relates to capillary condensation.  
A major drawback is the need for the filling material to exhibit vaporisation or 
sublimation temperature below, say, approximately 1000°C-1200°C. 
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I.4.2.2. Filling of CNT from melted phases 
 
Filling with molten materials was among the first methods used to fill MWNT. Four 
papers that reported some filling of MWNT with various melted metals and compounds    
(PbO [164, 165], Y3C, Bi2O5 [90] and Ni [166]) were published in 1993-1994 in an attempt to 
obtain encapsulated inorganic nanowires.  
A high filling yield of SWNT (~ 90%) was recently obtained (Kitaura et al. 2008) [167]. 
These authors fabricated crystalline ErCl3 nanowires into SWNT cavities. Before the 
encapsulation reaction, the SWNT were heated under dry airflow at 600 °C for 30 min in 
order to remove the end-caps. Open-ended SWNT together with anhydrous ErCl3 were 
transferred into a quartz ampoule, vacuum-sealed at 10-7 Torr and then heated at 800°C for 
72 h. At this temperature, ErCl3 melted and became encapsulated within the core of SWNT 
(Fig.I.21). Two columns of dark spots arranged in a regular fashion were clearly observed in 
the ErCl3@SWNT sample.  
 
 
 
Fig. 1.21 : HRTEM image of ErCl3@SWNT [167]. 
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Hence, encapsulating materials in CNT is likely to promote new phases, new structures, 
new properties, and/or new behaviours. Moreover, it is a certainty that any of these features 
are more interesting when the tube cavity diameter is of the order of 2 nm, as is encountered 
for most SWNT and DWNT [168, 169]. 
As opposed to the solution method, the melting method allows high filling yields to be 
achieved even for SWNT. One such example was the filling of SWNT with lanthanide 
chlorides (Fig.I.22) [58]. A quartz ampoule containing nanotubes along with the ground 
material was sealed under vacuum and was then heated for 24 h. 
 
 
 
Fig. I. 22: HRTEM images of SWNT filled with lanthanides chlorides: (a) GdCl3@SWNT 
obtained at 700°C. (b) HoCl3@SWNT obtained at 820°C [58]. 
 
Filling yield as high as ~ 80% was reported for PbO in SWNT [170, 171], although 
cumulative filling cycles were necessary to achieve the filling.  
Generally speaking, the estimation of the filling yield (percent of filled tubes in all sample) is 
problematic and most of the time is derived from the TEM observations, without any statistics 
on the number of the observed tubes.  
Ballesteros et al. (2009) [172] reported the first methodology for the quantitative assessment 
of the amount of material encapsulated in filled carbon nanotubes. Single-walled carbon 
nanotubes were filled by molten phase capillary wetting with CuI, FeCl2, and CuBr.               
A suitable solvent was used in each case to remove the large amount of external material 
 50 
present after the filling step and the filling yield was obtained from thermogravimetric 
analysis.  
Filling CNT with precursor is a very important alternative when direct filling with chemical 
elements is not possible, typically because of a too high melting point and/or of a too high 
surface tension of the considered elements in the molten state [90]. Compounds are typically 
salts, among which halides are the most popular [168, 169, 172-174], for many reasons such 
as a high versatility and easy TEM observation.  
From 2001, oxides were also directly inserted into SWNT, starting with CrO3 [175] 
and Sb2O3 [176, 177], followed by others such as PbO [170] or RexOy [163], sometimes with 
a fairly high filling yield (e.g., 80%–90% for PbO). Although oxides can be interesting 
alternatives as intermediate compounds or can exhibit interesting intrinsic properties on their 
own (e.g., CrO3 is electrically conductive), they will never become as popular as halides, 
because oxides have, generally, neither a high solubility in harmless solvents nor a reasonable 
melting temperature. Thay can also often react with carbon at high temperature. Other 
compounds that have been used in attempts to fill SWNT are typically nitrates (for example 
silver nitrate [175, 178, 179]) and hydroxides (KOH and CsOH [180]). 
The almost complete filling of CNT, which allows the production of metallic 
nanowires for electronic or magnetic devices, as well as for biomedical applications [181, 
182] has been well-documented. In particular, CNT can be filled with magnetic nanoparticles. 
It is envisaged that external static magnetic fields could fix the ferromagnetic nanoparticles at 
a precise position in animal (human) tissues; gradient fields would move them and alternating 
(AC) fields lead to local heating.  
The main effect of confinement in a CNT of only a few nanometers inner diameter is 
to decrease the coordination of the atoms (or ions) (Fig.I.23) [183]. This happens because the 
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inserted material is often reduced to only a few atomic layers when it is observed in 
perpendicular section to the CNT axis. 
 
 
 
Fig. I. 23: The coordination of the K+ and I- ions decreases from 6:6 in the bulk structure to 
4:4 when they are confined inside a CNT with an internal diameter of 1.4 nm [183]. 
 
The first example is that of KI@SWNT [184, 185]. KI has a face-centered cubic 
structure (a = 3.53 Å). In the case of KI@SWNT (Fig.I.24), the confined KI crystals retain a 
structure close to that of the bulk but distortions are observed. Along the axis, the d-spacing is 
0.35 nm, as in the bulk; however, this spacing is increased by nearly 0.4 nm perpendicularly 
to the CNT axis (14% of extension). 
 
 
 
Fig. I. 24: HRTEM images of two layers of thick KI crystals formed within (a) a 
1.4 nm diameter SWNT, (b) a SWNT bundle. Each dark spot corresponds to a two-ion K-I 
(or I-K) column [184]. 
 
I.4.2.3. Filling of CNT from solutions 
The solution filling method is based on putting into contact a concentrated solution of 
the desired material (or generally a “precursor”) with opened CNT. The main advantage of the 
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wet chemistry approach is its flexibility and the level of experimental control. This method 
usually requires a few steps until filled CNT are obtained. The general description of the wet 
chemistry filling method is given in Fig.I.25. The first way is to open and fill the CNT at the 
same time (one-step) and the second one is first to open the tubes and then to transfer them 
into the solution containing the filling material (two-step method). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. I. 25: Sketch of the main steps for the filling of CNT in solution. 
 
I.4.2.3.1. Main parameters for filling of CNT from solutions 
The diameter of the tubes used for filling has a very important place in the solution 
filling. The first information about filling of large sized MWNT with metals from solution 
was given by Green et al. in 1994 [86]. MWNT with inner diameter from 6 up to a few 
hundreds of nanometers are easier to fill [186, 187] than the small diameter SWNT                 
(ca. 1-2 nm) [76, 77] or DWNT (ca. 1.5 nm) [78]. Since the discovery of this filling method, 
many efforts have been made to fill MWNT for various applications in electronics and 
material science [29, 188, 189, 191]. The domination of MWNT for filling in solutions is 
obvious from the number of published articles. Pederson and Broughton [192] calculated that 
Closed CNT 
(SWNT, DWNT, MWNT) 
Opening - by wet chemistry 
route (by oxoacids or other 
oxidants) or by dry route (by 
air oxidation)  
Solution filling 
 
Post-treatments (washing and 
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increasing the tube radius decreases the insertion energy and the overlap repulsion activation 
barrier at the open tip, from which they concluded that material encapsulation in narrow 
SWNT via the liquid route, should be unfavourable by comparison to larger MWNT.  
Many recent applications of carbon nanotubes (such as biomedical application, electronics, 
etc.) require going towards smaller tube diameters. So, recently, efforts have been made also 
to fill small diameter SWNT and DWNT. SWNT were first filled by wet chemistry with 
ruthenium chloride by Green et al. (Fig.I.26) [193].   
 
 
Fig. I.26: HRTEM of the first example of metal@SWNT (RuCl3 was initially introduced and 
then was chemically reduced to the metal) [193]. 
 
High-yield solution filling of SWNT with ferromagnetic material like Fe was also 
reported [104]. Molecular dynamic simulation has shown that even DNA could be introduced 
inside SWNT in an aqueous environment via an extremely rapid dynamic interaction process 
provided that the tube diameter exceeds a certain critical value of 1.08 nm [194]. 
DWNT are a relatively new form of carbon nanotubes (although MWNT have been produced 
for a long time, the selective synthesis of DWNT is much more recent) but they are already 
successfully used for filling in solutions. It has been evidenced by magnetic measurements 
that, by wet chemistry, α-Fe nanowires could be introduced into DWNT [106]. This product 
could be very promising for applications as magnetic probes, AFM tips, memories, 
nanodevices for spin electronics and functionalized magnetic materials for biomedical 
applications. The method was also successfully used to fill DWNT with crystalline AgCl 
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nanowires in order to study the charge transfer phenomenon between the tubes and the filling 
material [195]. 
 
I.4.2.3.2. Methods for filling from solution  
In general, the methods for filling CNT in solution can be classified into two main 
types: one-step solution filling (opening and filling at the same time) and two-step solution 
filling (first opening and then filling).  
 
I.4.2.3.2.1. One-step method - this was developed by Green and co-workers from Oxford who 
successfully filled MWNT this way [86]. The procedure was performed by simultaneous 
opening and filling of CNT with a metal nitrate (nickel nitrate) in solution in concentrated 
nitric acid. Reflux at 140°C for a few hours makes the tubes more hydrophilic and attacks the 
tips of the tubes where the sp3 character is more pronounced, leading to their opening. This 
acid treatment also attacks the walls of the CNT where defects such as pentagon-heptagon 
pairs are located (functionalisation). The opened tips allow the solution to enter inside the 
cavities and to fill the empty space. After filtration and washing, the filled CNT were heated 
at 450 °C in a helium atmosphere in order to get the corresponding oxide. In the same study, 
oxides of Fe, Ni, Co and U were synthesized inside MWNT using the same method. A few 
years later, still using the same method, the team from Oxford reported the one-step filling of 
MWNT with different types of oxide crystals such as NiO, Sm2O3 and Nd2O3 (Fig.I.27) [73]. 
It was observed that the use of nitric acid/Nd2O3 suspension created amorphous materials 
between the carbon layers, modifying the interlayer space by a few angstroms and also 
generating some defects. Carbon nanotubes containing oxides of the following elements Co, 
Pd, Cd, Fe, Y, La, Ce, Pr, Nd, Eu, U [94], Au and Pt [71] have been prepared using the same 
one-step method.  
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Fig. I.27 : HRTEM of MWNT one-step filled with oxide crystals of (a) NiO, (b) Sm2O3 and (c) 
Nd2O3 intercalated crystalline in thecbore and in the interlayer (arrowed) of nanotube [73]. 
 
Another advantage of the one-step solution filling is the possibility to prepare 
stoichiometric mixed metal oxides containing ions of two different metals [70]. For example, 
FeBiO3 was synthesized (after annealing) into the empty cavities of MWNT suspended in a 
mixture of Fe(NO3)3·9H2O and Bi(NO3)3·5H2O dissolved into nitric acid and refluxed [73] 
(Fig.I.28). 
 
 
Fig. I.28 : HRTEM of MWNT one-step filled with FeBiO3 crystallite [73]. 
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Another example using the one-step method is a direct synthesis of magnetic materials 
for nano-electromechanical systems applications (NEMS) like Sm2Fe17Nx which has been 
introduced into the cavities of MWNT [191]. The approach appears to have great promise 
although the yield is low. 
 
I.4.2.3.2.2. Two-step method - the filling of CNT from a solution can also be realized first by 
opening the tubes (in an oxidizing solution) followed by the actual filling after transfer into a 
concentrated solution containing the precursor material. This method can be useful for filling 
of tubes with materials which are not stable at reflux temperature. The two-step methods may 
be classified depending on the opening agent used. The very first filling reported using the 
two-step method was the filling of SWNT with Ru from RuCl3 [193]. As a first step the tubes 
were treated in concentrated HCl solution for few hours in order to open them, a finding 
which was contradicted by some authors who stated that hydrochloric acid does not attack the 
tubes and does not open them [52]. Since then, the two-step method has been widely used. 
Dresselhaus and co-workers opened SWNT in an aqueous solution of HCl and fill them with 
Ag from AgNO3 aqueous solution resulting in significant changes in the Raman spectra of the 
SWNT [175].  
Green and co-workers successfully opened MWNT in concentrated HNO3 and filled them 
with Ag crystals 35-85 Å in diameter (Fig.I.29 (a)) [169]. According to the low percentage of 
filled tubes usually achieved with this technique (20-30%) [73], an unusually high filling 
yield of 70% was estimated. In the same work, identical conditions were applied to fill 
MWNT with small spherical Au crystals (diameter 10-50 Å) from AuCl3 (Fig.I.29 (b)) but the 
filling yield was low.  
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Fig. I.29 : HRTEM of two-step filled MWNT with (a) silver and (b) gold [169]. 
 
In order not to damage CNT the optimum duration of reflux in conc. nitric acid (68 %) 
is from 3 up to 24 h. Hutchison et al. (1997) from Oxford applied 24 h of reflux on MWNT in 
conc. nitric acid and filled the tubes with spherical crystals of SnO (diameter 2-6 nm) from a 
SnCl2·2H2O/HCl solution [197]. The same conditions for opening have been applied to fill 
MWNT with different compounds like SnO2 [74] or CuO [72]. It was observed that the effect 
of oxidation and opening of MWNT can be also obtained for shorter reflux times. Gao and co-
authors have reported the solution filling of pre-opened MWNT with Tin (IV) oxide         
(Fig.I.30) [74]. MWNT were first opened in concentrated nitric acid by reflux at 140°C for 3 
h and then transferred into an aqueous/hydrochloric solution of SnCl2 and stirred for 12 h. It 
was described that the amount of SnO2 nanoparticles could be controlled by changing the 
concentration of SnCl2. After the opening, soaking and drying, heat treatment at 140°C for 3h 
was required in order to form SnO2 crystalline. Finally, calcination at 600°C in steam of argon 
was performed where nanocrystals in the inner cavities grew up until spherical nanoparticles 
eventually appeared. 
a) b) 
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Fig. I.30 : Solution filling of MWNT by SnO2 [74]. 
 
Conc. HNO3 has been also used for two-step solution filling of MWNT with different 
metals like Co, Fe or Ni [198]. Green and co-workers found that the two-step method is useful 
for filling tubes with materials which are neither soluble nor stable in refluxing nitric acid 
(one-step method). Filled MWNT with dodecatungstosilicic acid (H4SiW12O40) have been 
obtained after opening by reflux in conc. HNO3 for 8-24 h and then stirring in concentrated 
H4SiW12O40 aqueous solution [73]. MWNT filled with RhCl3, RuCl3, PdCl3, [NH4]IrCl6 and 
Co2(CO)8 have also been prepared by this method.  
The wet chemistry method also gives possibilities to fill opened carbon nanotubes with 
thermally unstable materials: for example some organic compounds. Green and co-workers 
reported filling of MWNT with small proteins [199]. The tubes were opened in nitric acid 
(24h) and then suspended in protein (cytochrome C3) aqueous solutions for 24 h. Large grey 
areas of about 13.5 to 17 nm in length, attributed to protein aggregates, were observed inside 
the CNT. The same conditions were used to fill MWNT with proteins such as the cysteine-
rich, beta-lactamase I flavocytochrome b2 tetramer. The stability and catalytic activity studies 
of these materials were reported later [200]. 
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Qu et al. (2007) proposed another method for opening MWNT in stronger acid 
solutions. MWNT were cut into short pipes by chemical oxidation in a mixture of 
concentrated sulfuric and nitric acid (3:1) under ultrasonication for 8 h. [201]. The open-
ended MWNT were transferred into a saturated ferric nitrate solution for 12 h. The oxide 
precursor accumulated inside the tubes was decomposed into Fe2O3 during calcination at     
450 °C while iron ions adsorbed and nucleated on the outer surface of the tubes were easily 
removed by washing before calcination.  
Due to their single-wall structure, the conditions for opening SWNT can be milder than those 
for MWNT. Borowiak-Palen et al. (2006) have opened SWNT in 2M HNO3 (reflux for 30 h 
at 130°C) and filled them with Fe from an over-saturated iron (III) chloride solution [76, 77]. 
High yield filling of SWNT with Ag has been obtained with the same way of opening [75]. 
Mild chemical conditions for opening of DWNT are also required. For DWNT, Jorge et al. 
(2008) have reported the use of similar treatment for filling with ferromagnetic Fe from a 
concentrated iron (III) chloride solution [78]. The acid treatment does not just open the tubes 
but also purifies them from the residual catalytic metal nanoparticles (Co in this case). 
Ferromagnetic nanowires with length between 50 and 100 nm were observed in the resulting 
product. 
Use of oxidants in acid solutions gives another possibility to open CNT. Jain and Wilhelm 
reported the opening of MWNT in KMnO4/H2SO4 solution followed by filling with organic-
based ferrofluid (EMG-911) containing nanoparticles with an average size of 10 nm            
(Fig.I.31) [202]. It was possible to observe that the tubes with diameter lower than 10 nm 
were less filled or remained empty.  
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Fig. I.31: TEM picture of MWNT opened by KMnO4/H2SO4 and filled with nanoparticles 
[202]. 
 
Again using two-step filling, Green and co-workers proposed a new type of opening of CNT 
[203]. They showed that SWNT can be opened in an alkali or alkaline-earth hydroxide such 
as NaOH, KOH, CsOH·H2O or Ba(OH)2·8H2O by heating in vacuum for 4 h at temperatures 
between 300°C and 508°C, depending on the melting point of the selected hydroxide. After 
washing, the opened tubes were stirred in uranium oxide/conc. HNO3 solution and 
successfully filled (Fig.I.32). 
 
Fig. I.32: HRTEM of SWNT two-step filled with amorphous uranium compound [203]. 
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I.5. Direct synthesis of carbon-encapsulated metal nanoparticles 
Since the discovery [204] and preparation [205] in microscopic quantities of C60, there 
have been extensive investigations on carbon-based materials [206] and carbon-coated 
nanocapsules [207]. In the last decades magnetic encapsulates have been suggested and 
already used in various branches of industry including electrical energy storage [208], 
magnetic resonance imaging [209], and biological systems [210]. Carbon-encapsulated metal 
nanoparticles have received considerable attention because of their high chemical and thermal 
stabilities [211-213]. 
 
I.5.1. Synthesis 
The encapsulation of crystalline metals in graphite shells occurs during the formation 
of CNT. It was found that after modification of the conditions of synthesis of CNT, the 
nanometer-sized catalyst metal nanoparticles can be coated by few graphitic layers. Several 
preparation methods, such as thermal decomposition of organic complexes [214],               
arc-discharge (or modified arc-discharge) [207] or CCVD have been employed. The arc-
discharge method is the most popular but the CCVD method has to be considered for future 
industrial fabrication of carbon-encapsulated magnetic nanoparticles. 
 
I.5.1.1. Arc-discharge synthesis 
Only three years after the discovering of C60 obtained by arc-discharge method [205], 
Ruoff et al. [207] first used the same method for preparation of carbon-encapsulated single- 
crystal LaC2 nanoparticles with size up to 40 nm. Following this procedure Saito et al. [215, 
216] managed to encapsulate magnetic materials like Co and Co3C (50 -200 nm), and most of 
the rare-earth metals (Sc, Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Lu, Sm, Eu and Yb). It was 
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found that most of these metal nano crystals synthesised by arc-discharge contain carbides 
[217, 218].  
 
I.5.1.2. CCVD synthesis 
Due to the low costs, high yield and simplicity, CCVD method can be a good 
candidate for future industrial fabrication of carbon encapsulated magnetic nanoparticles, such 
as Co [219]. It was demonstrated that by adding Mo in silica-supported cobalt catalyst, not 
only the size of Co particle could be reduced, but also the reactivity of Co particles may be 
enhanced [219]. In the same work, the possibilities of temperature and time control during 
cyclohexane/N2 flow decomposition were also shown. Flahaut et al. [220] reported the CCVD 
preparation of very small carbon-encapsulated cobalt nanoparticles (5-15 nm) involving 
reduction by a H2/CH4 mixture of a Mg1-XCoXO solid solution. In general, this method was 
used by the same authors to produce carbon nanotubes [221] but it was mentioned that if the 
conditions of the CCVD synthesis are changed the Co catalyst nanoparticles can be only 
coated by carbon shells with limited CNT growth. The possibility of low-temperature CCVD 
synthesis at 500°C of carbon-encapsulated Ni nanoparticles over Ni/Al catalyst was also 
described [222]. Recently, CCVD method was successfully used in order to produce Fe/Co 
[223], Ni [224] and Au [225] nanoparticles coated by carbon shells for magnetic resonance 
imaging or bio-functionalisation. CCVD was considered as the only viable method to 
synthesize encapsulated Fe nanoparticles [226]. High pressure CCVD was successfully used 
to prepare carbon-encapsulated Fe nanoparticles with small size (from 1 to 30 nm) [227]. It 
was found that using plasma-enhanced CVD (PECVD), the size and the density of carbon- 
encapsulated Co nanoparticles formed in H2/CH4 atmosphere also can be controlled [228].  
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I.5.2. Structure and magnetic properties 
I.5.2.1. Structure 
 Most of the materials encapsulated in carbon shells are rare earth and iron group 
transition metals (Fe, Co and Ni) [216]. The α-Fe, β-(fcc)-Co and fcc-Ni are the major phases 
for the respective materials, and small amounts of γ-(fcc)-Fe and α(hcp)-Co are also formed 
[229]. The formation of carbides (Fe3C or Ni3C) is also possible. 
 The outer graphitic layers tightly surround the core crystallites without a gap for most 
of the pre-cited particles, contrary to the nanocapsules of rare-earth carbides, for which the 
capsules are polyhedral and have a cavity inside. The graphitic layers wrapping Fe (or Ni, Co) 
particles bend to follow the curvature of the surface of the crystalline core. The graphitic 
sheets seem to be stacked parallel to each other, but dislocations were also observed, 
indication that the outer carbon shell could be made up of small domains of graphitic carbon 
stacked parallel to the surface of the particles core (Fig.I.33) [230].  
 
 
Fig. I.33: HRTEM image of the NiFe core and surrounding graphite layers with thickness 
approximately 6 nm [230]. 
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I.5.2.2. Magnetic properties 
Experimental studies of magnetic properties of noncoated nanoparticles of Fe, Co, Ni, 
as well as of alloys based on these metals, are complicated by the fact that, under standard 
atmospheric conditions, nanoparticles are coated with an oxide film comparable in thickness 
with the size of the particles themselves. To prevent the formation of oxide layers, 
nanoparticles are prepared in a shell of material preventing oxidation. It was demonstrated 
that Fe nanoparticles (15- 40 nm) coated by carbon shells show coercivity ca. 60-70 Oe and 
saturation magnetization 22 emu/g which is 11% of saturation magnetization (Ms) of pure Fe 
[216]. Compared with the magnetic properties of some other types of metal encapsulates such 
as Mn@C, Cr@C [231], Gd@C [218], the Fe@C nanoparticles show better magnetic 
properties at low and room temperature. The formation of carbides in the structure of Fe 
(Fe3C) was found to have a negative influence on the magnetic properties [232]. 
Experimentally, Co@C was found to have higher Ms than Fe@C or Ni@C (Fig.I.34) [233, 
234]. The advantage of forming Co@C is that during the synthesis no other phase is formed 
when at the same moment the encapsulation prevents the oxidation of metal. 
 
Fig. I.34 : Hysteresis loops at room temperature of Fe@, Co@C and Ni@C powder 
samples [233]. 
 
 65 
The effect of carbon encapsulation on the magnetic properties was studied for Ni@C 
prepared by arc discharge synthesis method [235]. After measuring the magnetic properties of 
pure and encapsulated Ni nanoparticles of the same average size, it was found that the 
diamagnetic contribution of the carbon capsules reduces the magnetic moment of the core. 
Based on the magnetic properties of an ensemble of small particles, magnetic 
nanoparticles can be grouped in two classes [231], namely, ferromagnetic particles                   
(10-50 nm), and superparamagnetic particles (usually with sizes ranging from 1 to 10 nm). 
 
I.6. Medical applications of metal nanoparticles and carbon nanotubes 
I.6.1. Medical applications of metal nanoparticles 
The availability of a wide range of metal nanoparticles materials let to speculation 
from the 1960s onwards that they may have application in biology and medicine [236, 237]. 
The fact that the magnetic field can be used to access difficult positions leads to a number of 
obvious applications which can be separated in three categories: magnetic targeting for drug 
and gene delivery [238], nanomagnetism and therapeutic hyperthermia [239] and Magnetic 
Resonance Imaging (MRI) imaging using magnetic nanoparticles [240, 241].  
 
I.6.1.1. Magnetic targeting for drug and gene delivery 
The functionalisation of magnetic nanoparticles was considered as very important 
criteria for their use in biomedicine [242]. The conjugation of nanoparticles with 
biomolecules such as proteins and DNA can be done by using two different approaches, direct 
covalent linkage and non-covalent interaction between the particle and biomolecules        
[243-246].   
Weissleder et al. [244] reported about cell-specific targeting of fluorescent magnetic 
nanoparticles trough multivalent attachment of small molecules. For cancer therapy, folic acid 
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derivatives can be anchored onto gold [245] or magnetic iron oxide nanoparticles [246] for 
recognition by folate receptors, which are overexpressed on the surface of many cancer cells. 
The coating of the nanoparticles with different materials like carbon shells or surfactant gives 
many advantages in their drug delivery application. Bystrejewski et al. [247] reported about 
an arc-plasma method for carbon-encapsulation of magnetic FeNdB nanoparticles for bio-
application. It was demonstrated that their carbon shells can be easily functionalized by drug 
molecules or targeting ligands (Fig.I.35). These nanoparticles can then be directed along a 
magnetic field gradient to transfect the appropriate cells. 
 
Fig. I.35 : A model of the functionalized carbon-encapsulated FeNdB nanocrystallite 
[247]. 
 
I.6.1.2. Nanomagnetism and therapeutic hyperthermia  
Magnetic nanoparticles being subjected to a magnetic AC field may show remarkable 
heating effects related to losses during the magnetization reversal process of the particles. 
They were suggested for therapeutic applications since the 1950s [248]. Five decades later, 
Jordan et al. discovered a new magnetic field system for the treatment of human solid 
tumours with magnetic fluid hyperthermia [249]. Recently, the same authors [250] informed 
about a new thermotherapy using magnetic nanoparticles on recurrent glioblastoma 
multiforme. The patients received 3-dimentional image guided intertumoral injection of 
aminosilane-coated iron oxide nanoparticles (Fig.I.36) [250]. The patients were then exposed 
to an alternating magnetic field to induce particle heating.  
(a) (b) (c) 
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Fig. I.36 : (a) Three dimensional reconstructions (MagForce NanoPlan software) of 
skull with frontal glioblastoma multiform after MRI. Calculated 42°C treatment isotherm 
surface (red) enclosing the whole tumor (brown), thermometry catheter (green), ventricle       
( blue) (b) MRI with glioblastoma in the right posterior horn and (c) postoperative treatment 
shows magnetic nanoparticles as hyperdense areas within the tumor tissue  [250]. 
 
 The cancer therapy by a local hyperthermia is commonly performed at 42-45°C for up 
to few hours and causes necrosis of the cells [251]. Moreover, there is a strong dependence of 
magnetic particle properties with structural characteristic like mean size, particle shape and 
crystalinity [252-254]. For magnetic hyperthermia, the magnetic nanoparticles should be 
biocompatible and evenly suspended in water based fluids. In practice for iron oxide 
nanoparticles, 2.24 mg Fe/kg is the maximum dose for human body. Furthermore, the 
particles should not precipitate due to gravitational or electrostatic forces. To shorten 
treatment time and minimize discomfort from prolonged treatment heating, the nanoparticles 
should heat rapidly.  To accomplish this, the Specific Absorption Rate (SAR), which is the 
power of heating of a magnetic material per gram, should be maximized [254]. The SAR 
values (W/g) can be calculated by the following equation (Eq.I.5): 
 
    SAR= C*(∆T/∆t)*1/mmag   (eq.I.5) 
where, C is the specific heat capacity of the water (Cwater= 4.18 J/gK), mmag is the mass 
of magnetite and ∆T/∆t is the initial slope of the time-dependent temperature curve.  
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The heating effect of magnetic nanoparticles (MNP) in an alternating magnetic field is 
caused by different loss processes, the specific loss power (SLP) which may vary by orders of 
magnitude depending on structural and magnetic particles properties on the one hand, and 
amplitude and frequency of the external alternating magnetic field, on the other hand. Though 
SLP is an increasing function of frequency f and field amplitude H in a wide parameter range 
the enhancement of SLP by increasing f and H is limited for technical, medical and 
economical reasons. Indeed, due to the physiological issues, human body cannot be exposed 
to alternating magnetic field presenting a large H
 
and f
  
[255]. Therefore, the optimization 
must only be based on the magnetic nanoparticles.  In general, three mechanisms are known 
for variable magnetic field induced hyperthermia in particles impregnated tumour tissue:       
1. Electromagnetic induced ohmic currents flowing in conducting media; 2. Magnetic losses 
of magnetic material and 3. Viscosity-induced resistance due to slow movement of 
nanoparticles in viscous medium. However, other possibilities are dielectric heating, spin 
torsion effect, etc. From physical point of view, resistance (R) containing magnetic 
nanoparticles with average magnetization (M) is subjected to a specific uniform dipolar 
magnetic field with strength (Bo), rotating with frequency (ω). The rate of hyperthermia    
(dQ hyperthermia /dt) may be written (eq.I.6) [251, 256]: 
                          dQ
 hyperthermia/dt ~ R(ωBo)2                                        (eq.I.6) 
The very small superparamagnetic nanoparticles can be very efficient in order to be 
applied for hyperthermia treatment. Recently, Tseng et al. [257] showed that iron oxide 
superparamagnetic nanoparticles of 9 nm mixed with biocompatible hydrogel can heat up to 
72.4°C when injected into the tumor tissue of mice. The heating effect depends strongly of the 
magnetic properties of the magnetite particles, which may vary appreciably for different 
samples depending on the particle size and microstructure. In particular, the transition from 
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ferromagnetic to superparamagnetic behaviour causes changes of the loss mechanism, and 
accordingly, of the heating effect [258].  
 
I.6.1.3. Magnetic Resonance Imaging (MRI) using magnetic nanoparticles 
 MR contrast imaging relies on the effect a paramagnetic species has on the observed 
longitudinal and transverse relaxation rates (1/T1 and 1/T2, respectively) of solvent (water) 
nuclei. Exogenous contrast agents are generally introduced to enhance the MR imaging 
obtained, including complexes of GdIII [259], paramagnetic Gd2O3 nanoparticles or magnetic 
iron oxide nanoparticles [241]. The monodisperse, peptide-iron oxide nanoparticles reported 
by Weissleder’s group [260] provide non-toxic MRI contrast agents. These nanoparticles are 
highly stable, and they were used for targeted imaging with high cellular uptake [260]. It was 
reported that superparamagnetic iron oxide nanoparticles (SPIONs) are not only good contrast 
agents for MRI [261] but also have good biocompatibility [241]. Usually, to be biocompatible 
and stable in solutions the SPIONs are coated by hydrophilic polymers [262, 263]. The 
functionalized carbon-encapsulated magnetic nanoparticles were found to have great 
application in MRI. Once injected to the body bloodstream for example, the encapsulates 
should recognize the target molecular markers present inside the cells, giving a possibility to 
induce a specific signal in MRI [247]. Two years later, the same authors [264] demonstrated 
the thermal stability of Fe3C and NdC2-containing carbon-encapsulated magnetic 
nanoparticles (20-40 nm). The obtained nanostructures are thermally stable up to 500K and 
can also be functionalized. 
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I.6.2. Medical applications of carbon nanotubes   
In the last two decades huge progress has been done in order to apply CNT in 
medicine. Attractive applications of CNT like biosensors [265-267], biological imaging 
techniques [268, 269], drug delivery and cancer therapy [266, 270-274] make them enough 
flexible to be used in all fields of medicine. Liu et al. [274] demonstrated that functionalised 
SWNT are very useful in tumour-targeted accumulation in mice by exhibition of 
biocompatibility and little toxicity. It was also mentioned that due to very good solubility of 
functionalised SWNT in water they can replace the common used reagents in cancer treatment 
such as Cremophor EL which is also toxic. In our days one of the most common question is 
“are carbon nanotubes safe?”. The conclusion of Smart et al. [275] showed that in general the 
exposure to pristine CNT has shown minimal cytotoxicity at high concentrations (both in vivo 
and in vitro), while chemically functionalised CNT proposed for drug delivery have not 
demonstrated any clear toxicity so far.  The acute toxicity and genotoxicity of DWNT were 
studied by Mouchet et al. [276] using larvae of the amphibian Xenopus leavis. The results 
showed that after 12 days of exposure in water suspension of DWNT genotoxicity was not 
observed but acute toxicity was observed from 10 mg/L and probably related to physical 
blockage of the gills and/or digestive tract. However, the question about the toxicity of CNT 
when they may be used as diagnostic or therapeutic nanomedicine is open, and systematic 
study of their therapeutic efficacy is anticipated.  
 In our days the cancer therapy is on the top of the science progress and CNT may take 
great place in this. CNT can be used as a multi-functional container for in vivo applications 
(Fig.I.37) [277, 278]. In order to obtain heating effect for hyperthermia treatment or to be 
used as a nanothermometer, CNT can be filled with a ferromagnet which has a strong 
temperature dependence of nuclear magnetic resonance (NMR). Additional drugs can be 
introduced. 
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Fig. I.37: Sketch of filled carbon nanotubes serving as multi-functional container for in vivo 
application [278]. 
 
Double-walled carbon nanotubes (DWNT) are at the frontier between single-walled 
carbon nanotubes (SWNT) and multiwalled carbon nanotubes (MWNT). Of key interest is the 
possibility of functionalising the outer wall, which will ensure the connections with the 
external environment, while retaining the remarkable mechanical and electronic properties of 
the inner nanotube. This may prove to be very useful for their integration into biological 
systems. From the biomedical point of view, it is important to note that the ratio between the 
weight of filling material and the weight of the carbon nanotube (container) is generally more 
in favour of DWNT when compared to other MWNT (meaning as a practical consequence 
that more drug can be delivered for the same total weight of sample). 
Recently such a nanosystem for bio-medical applications was developed (Fig.I.40 (a)) 
[279]. Following this model the fluorescent compound Y2O3 was successfully deposited on 
MWNT (70-150 nm in diameter) for medical diagnosis application (Fig.I.38 (b)).  
 
 
 
Fig. I.38: (a) Schematic diagram of functionalized CNT with luminescent QDs, and 
loaded with anti cancer drugs and (b) TEM image of surface deposition of Y2O3 on MWNT 
[279]. 
 
 
(a) (b) 
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II.1. Synthesis of Double-Walled Carbon Nanotubes 
II.1.1. Combustion synthesis  
In order to prepare catalyst, the following precursors were used: cobalt nitrate, 
ammonium heptamolibdate and magnesium nitrate. In each case, the precursors were 
transferred into a Pyrex crystallising dish together with an aqueous solution of citric acid   
(Fig.II.1). This solution was stirred and heated. The final solution was transferred into a 
furnace (with open door) pre-heated at 550°C, for 15 min. The reaction is exothermic and a 
solid product is obtained. The raw product was ground in order to obtain an homogenous 
powder.  
 
 
Fig. II.1 : Combustion methods for synthesis of Mg0.9Co0.1O powder [53]. 
 
The final step of the preparation of the catalyst is calcination. It is required, to 
eliminate all the residual carbon coming from the decomposition of the excess of citric acid. 
The calcination was done in air at 550°C for 1 hour.      
 
II.1.2. CCVD synthesis of DWNT 
 The catalyst was placed in an alumina boat in the middle of a tubular furnace in 
horizontal position. The composite powder CNT-Metal-MgO which was obtained after 
selective reduction prepared using methane (CH4) as a source of carbon (Fig.II.2). For the 
general case of the synthesis of double-walled carbon nanotubes (DWNT), the catalyst 
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Co/Mo-MgO was treated in H2/CH4 atmosphere (18% CH4, 15 L/h) [69] with the following 
thermal cycle: 
 
- Temperature ramp from RT to 1000°C at 300°C/h to 1000°C, in H2/CH4; no dwell; 
- Cooling down to RT at 300°C/h in H2/CH4. 
 
Fig. II.2 : General scheme for CNT-Metal-oxide composite powder obtained after selective 
reduction by CCVD in H2/CH4 [53]. 
 
II.1.3. Extraction of carbon nanotubes or carbon-encapsulated metal 
nanoparticles 
 
 The extraction of CNT and carbon-encapsulated metal nanoparticles, which means 
separation of the tubes from the catalyst, is possible due to the easy elimination of MgO 
support by dissolution in hydrochloric acid (HCl 37%)[53]. HCl also was used to eliminate 
the non-protected metal nanoparticles (Co and Mo) which have not reacted during CCVD 
process, which means that they were not encapsulated in carbon shells or present into the 
CNT. In case of cobalt, a blue colour due to the formation of CoCl42- was observed. HCl does 
not damage CNT or carbon shells and it is a non-oxidising acid. 
The composite powder obtained after CCVD contains carbon, which amount can be 
obtained by chemical analysis (see II.3.1). If we consider that all carbon is present as CNT, it 
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is possible to calculate the weight of DWNT in a given amount of the initial composite 
powder.  
After filtration on a membrane (cellulose nitrate with pore size 0.45 µm), the solid was 
washed with deionized water until neutral pH was obtained. The solid was then washed with 
ethanol (for a better water removal) and finally dried either overnight in an oven at 80°C in air 
or in vacuum, or using a rotating evaporator (Heidolph, Laborota 4000). In some cases, 
samples were not dried and kept in water to avoid agglomeration during drying. 
    
II.2. Sample preparation  
II.2.1. Chemical oxidation 
 Chemical oxidation of CNT samples by wet route were performed at reflux with an oil 
bath (Heidolph MR 3001 K) equipped with temperature and stirring control. The usual reflux 
temperature was 130°C (or heating at 70°C), and the duration of the heating or reflux time 
could range between 1 and 24h. 
 
II.2.2. Dispersion  
In order to prepare stable suspensions of CNT or carbon encapsulates in different 
media, two type of ultrasonication (US) were used: 
 - Bath sonicator: (Model USC 300T, 45 kHz, 80 W); 
 - Tip sonicator: (Model Vibra Cell 75042, 20 kHz, 500W).  
The high power tip sonication gives better dispersion. For ultrasonication of acidic 
suspensions, a glass horn adaptor with water cooling was used. 
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II.2.3. Microwave treatments 
 The microwave treatments used for purification of DWNT were performed in a 
conventional microwave oven (model: Orva, 230V, 800W).  
 
II.3. Characterization techniques   
II.3.1. Chemical analysis 
 The carbon content of the composite powder, extracted CNT, chemically modified 
CNT and carbon-encapsulated metal nanoparticles was measured at the Coordination 
Chemistry Laboratory (CNRS, Toulouse) by flash combustion of the samples (heating of the 
samples up to 1800 °C during about 1 second, after preheating at 925°C). The accuracy of the 
results is evaluated to ±2 %.  
 The metal content in the samples was determined by Atomic Absorption Spectroscopy 
at the Central Service for Analysis of CNRS (Vernaison). The accuracy of the measurement 
(wt. %) is 1% (for example, Mg = 45 ± 1 wt. %, Co = 0.54 ± 0.03 wt. %). 
    
 II.3.2. X-ray powder diffraction 
 The identification of the crystal phases was made by X-ray powder diffraction analysis 
(diffractometer Bruker D4 ENDEAVOR) whit wavelength Cu Kα1= 0.15418 nm and 
comparison with JCPDS data files. 
 
II.3.3. Specific surface area measurements 
The specific surface area measurement is based on the determination of gas volume 
which is required to form at 78 K one monolayer of adsorbed gas on the surface of the 
sample, according to the theory of Brunauer, Emmett and Teller (BET method). The 
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measurement of the specific surface area of the samples (raw DWNT, oxidized DWNT) was 
obtained after adsorption of nitrogen gas at the temperature of the liquid nitrogen 
(Micromeritics Flow Sorb II 2300). The samples were degassed for 1 h at 120°C in N2 prior to 
measurement. The acueraly of the specific surface area measurements was estimated to ± 3%. 
 
 II.3.4. Zeta potential measurements 
 Zeta potential is the electrical potential which exits at the hydrodynamic plane of shear 
of a particle. The zeta potential depends on both the particle surface and the medium. These 
surface charges modify the distribution of the surrounding ions, resulting in a layer around the 
particle that is different from the bulk solution. If the particle moves, under Brownian motion 
for example, this layer moves as part of the particle. The zeta potential is the potential at the 
point in this layer where it moves past the bulk solution. This is usually called the slipping 
plane. The charge at this plane will be very sensitive to the concentration and type of ions in 
solution (Fig.II.3).  
 
  
 
Fig. II.3 : Schematic representation of zeta potential. 
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The Zeta potential can be calculated using the Smoluchowski formula: 
 
 
 
 
 
 Zeta potential is measured by applying an electric field across the dispersed sample. 
Charged particles within the dispersion will migrate toward the electrode of opposite charge 
with a velocity proportional to the magnitude of the zeta potential.  
This velocity is measured using the technique of laser Doppler anemometry. The frequency 
shift or phase shift of an incident laser beam caused by these moving particles is measured as 
the particle mobility, and this mobility is converted to the zeta potential by inputting the 
dispersant viscosity, and the application of the Smoluchowski or Huckel theories. These 
theories are approximations, valid for most cases.  
 Our measurements were performed with between 3 and 5 mL of suspensions. These 
suspensions were redispersed (by bath sonication) just before the injection into the setup 
(Zetasizer 4, Malvern, model ZET5000). The suspension has to be neither too concentrated 
(the Laser would not cross the sample) nor too diluted (absence of signal) and to be stable at 
least for the duration of the measurement (about 5 min).  
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II.3.5. Electron microscopy 
II.3.5.1.Scaning electron microscopy (SEM) 
 The images were obtained with a JOEL-6700F field emission gun microscope. The 
usual acceleration voltage was 5 kV and magnification between 5K and 150 K. The samples 
were first metalized with platinum to avoid charge accumulations. 
II.3.5.2. Transmission electron microscopy (TEM) 
 Samples were dispersed in ethanol using bath sonication. A few drops of the 
suspension were placed on a copper grid with a carbon film with holes on the surface (Lacey). 
The CNT were observed in holes areas.  The samples were routinely observed with JOEL 
1011 microscope with a maximum acceleration of 100 kV and maximum magnification of 
500 k.  
In order to visualize the filling inside the CNT or the structure of carbon encapsulates, 
observation with high resolution was required. In this case, a JOEL 2100F field emission gun 
microscope usually operated at 200 kV was used.    
 
 II.3.6. Atomic force microscopy (AFM) 
The Atomic Force Microscopy investigations were performed in collaboration with 
Institute of Biophysics J. Kepler University in Linz-Austria. For atomic force microscope 
imaging of DWNT, a small amount of powder was dispersed in 1, 2-dichloroethane (DCE) 
under strong tip sonication conditions (Bandelin Sonoplus GM70 at 50% power) in 3 cycles 
with 30 s sonication time each. A 10 µl droplet was placed and dried on freshly cleaved mica 
substrate immediately after sonication. Imaging was done with a Nanoscope IIIa (Digital 
Instruments, Santa Barbara, CA) or a PicoSPM setup (Agilent Technologies, Chandler, AZ) 
operated in contact mode at room temperature with a lateral scan rate of 1-1.5 Hz at 512 lines. 
AFM cantilevers with a nominal spring constant of 0.01- 0.03 N/m were used.  
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II.3.7. Raman spectroscopy 
 The routine Raman characterization of samples was done at the Common Service of 
spectroscopy of the University Paul Sabatier with a LabRAM HR 800 spectrometer (Jobin 
and Yvon). The wavelength of the laser was usually 633 nm (red laser).  
 The Raman spectra of CNT give numerous informations: 
- Between 100 and 300 cm-1, the RBM peaks (radial breathing modes) are observed 
(Fig.II.5). These peaks give information about the diameter of CNT. Relations between the 
wave number and the diameter of CNT have been proposed and can vary slightly depending 
on authors [280] and according to the fact that CNT are considered as individual or in 
bundles.  
 - To bands are located between 1300 and 1600 cm-1 (Fig.II.4). The D band, at about 
1320 cm-1 is due to the crystalline disorder. It gives information about the level of defects in 
the structure in CNT. The G band, at about 1580 cm-1, characterises the carbon in sp2 
hybridisation. The ratio of the intensity of these two bands (ID/IG) gives general information 
about the structural quality of the sample. The ID/IG ratio increases with the level of defects.  
 
 
Fig. II.4 : Example of CNT Raman spectra (λ= 633 nm). 
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 II.3.8. Infra-red spectroscopy 
Infra-red spectra were determined at the Common Service of spectroscopy of the 
University Paul Sabatier using a Thermo Nicolet Nexus 870 spectrometer. The setup works 
with Deuterated triglycine sulfate (DTGS) detector with frequency range 400-12000 cm-1 
(KBr -375 - 7000 cm-1, CaF2 1100 - 11000 cm-1). The infra-red spectroscopy was used for 
characterisation of functionalised CNT. 
 
II.3.9. Titrations  
 The quantitative chemical analysis of oxidised CNT was performed by acid-base 
titration. The titration was performed in CIRIMAT using a Methrom, 808 Titrando setup with 
built-in buret drive. NaOH 0.01 mol/l and HCl 0.01 mol/l (Titrisol) were used. For each 
experiment 10 mg DWNT were placed into 10 mL NaOH (5.10-3 mol/l-1) and then the 
suspension was isolated in nitrogen atmosphere and stirred for 48h at room temperature. 
Finally, the acid-base titration was performed with 20 mL HCl (5.10-3 mol/l-1) for each 
sample. The final data were processed using the Tiamo software.  
 
II.4. Magnetic and heating properties  
II.4.1. Magnetic characterizations 
The magnetic measurements were obtained in collaboration with Leibniz Institute for 
solid state and materials research - IFW Dresden. Magnetic properties have been studied 
using commercial Quantum Design SQUID-VSM (superconducting quantum interference 
device-vibrating sample magnetometer) or AGM (Alternating Gradient Magnetometer) 
MicroMag Model 2900 from Princeton Measurement Corporation. The samples have been 
investigated as dry powders (0.5 mg of sample). The field dependence of the static (DC) 
magnetization M(H) was measured at room temperature in magnetic fields up to 1 T. 
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II.4.2. Hyperthermia 
The heating experiments were done in collaboration with Leibniz Institute for solid 
state and materials research-IFW Dresden. The heating effect of carbon-encapsulated metal 
nanoparticles in alternating magnetic fields was studied using an experimental setup which 
consists in a high-frequency generator whit an impedance matching network and a water- 
cooled magnetic coil system. The coil contains five turns; the height of the coil is 40 mm and 
the diameter of the inside core is 30 mm. For such a coil geometry the setup provides 
alternating magnetic fields with the frequency f = 139 kHz and a magnetic field strength of   
0-120 kA/m. For thermal insulation of the samples during the measurements we used an 
evacuated glass dewar vessel placed in the coil. The temperature change per time unit was 
determined using an optical fibre temperature controller (Luxtron One), which is suitable for 
measurements in high- frequency magnetic fields. 
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III.1. Introduction 
 The opening of the closed as-made CNT can be realised by wet chemistry routes or by 
dry routes. In the case of wet chemistry route opening, we compared the effect of oxidation by 
an single oxoacid such as HNO3 at different concentrations (3M HNO3 or 15M HNO3) or by a 
mixture of two oxoacids such as conc. H2SO4/conc.HNO3. We compared with the effect of 
oxidation by two other oxidants such as KMnO4 and K2Cr2O7 in solution in H2SO4. We 
studied the mechanism of opening of DWNT by NaOH in melted phase. The oxidation and 
opening of CNT by heating in air is known as an efficient and easy method. We studied the 
opening of DWNT by air oxidation at 500°C. Based on the mechanism of air oxidation at 
high temperatures, we studied also the opening of DWNT by using microwaves heating of dry 
powders. The source of the heating in this case was the Co catalyst nanoparticles or iron 
powder which was added to DWNT. 
 We observed that most of these methods for opening caused secondary reactions like 
for example shortening, covalent functionalisation or purification of DWNT from residual 
catalytic. In most of the cases, due to these secondary reactions, the opened tubes required 
secondary treatment in order to purify them. As a second step of treatment, the opened tubes 
were washed with 4M NaOH or with KMnO4/H2SO4, or they were oxidised by air or treated 
by microwaves. 
 
III.2. Methods for opening of CNT 
 In order to open and to shorten the DWNT we investigated two methods. The first one 
was the one-step method where only one oxidation was performed in order to obtain the 
maximum opened and short DWNT. The two-step methods were used when the one-step 
method was not enough to obtain a high number of open tubes. 
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III.2.1. One-step methods for opening and shortening of DWNT  
III.2.1.1. Wet chemistry route 
III.2.1.1.1. Treatment by oxoacids 
- Experiment  
 
We investigated three different acidic treatments in order to obtain open end DWNT.  
For each one, 200 mg of DWNT were placed in 200 mL of an oxidizing solution, sonicated 
for 15 min and treated for 3, 6, 9 or 24 h at different temperatures.  
- Method 1: reflux at 130 °C in conc. (15M) HNO3;  
- Method 2: reflux at 130 °C in 3M HNO3; 
- Method 3: treatment at 70°C in 3:1 vol. solution of [conc.(15M) HNO3:conc. 
(18M) H2SO4]. 
After each treatment the product was filtered and washed with deionised water until neutral 
pH was obtained (3x100 mL) and finally dried at 80 °C overnight in air. 
 
- Results 
 It is well know that oxoacids like 3M HNO3, conc. HNO3 or conc.HNO3/conc.H2SO4 
have good oxidising properties on CNT and they can be successfully used for opening of their 
closed tips [70, 75, 80]. 
 The higher reactivity properties of the ends of CNT due to the presence of pentagons, 
suggests that the mechanism of opening begins with the attack of the extremities by acidic 
solutions.  
Treatments with conc. HNO3 are often used for opening of MWNT which are much 
more resistant than SWNT or DWNT. We used the strong oxidising condition proposed first 
by Green and co-workers [70] followed by Satishkumar et al. [71] who opened MWNT by 
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reflux for 24h in conc. HNO3. Fig.III.1 (a) shows a typical HRTEM image of individual 
closed raw DWNT after extraction with hydrochloric acid. During our observation by 
HRTEM of the opened DWNT by oxoacids, we observed that the tubes were much more 
sensitive to the electron beam than the pristine tubes. The imaging of isolated oxidised 
DWNT was difficult due to high voltage beam (200kV) which made the tubes to be coated by 
amorphous carbon and finally destroyed them quickly. In Fig.III.1 (b), (c) and (d) we show 
typical HRTEM images of the opened DWNT after the three different treatments            
(conc. HNO3, 3M HNO3 or conc. HNO3/conc. H2SO4). It was observed that the opening was 
performed only at the tips of the tubes while creation of defects (holes) on the wall side of the 
tubes was not evidenced in the three cases. The presence of a big amount of functionalised 
amorphous carbon debris mainly concentrated at the tips of DWNT made the microscopy 
observation of the opened tips difficult. The schematic drawing in Fig.III.1 helps to illustrate 
the nature of the openings. 
The oxidation by 3M HNO3 is also used in order to open SWNT which are much less 
resistant than MWNT. Due to the similar properties of SWNT and DWNT we performed 
chemical opening of raw DWNT by adapting of the conditions proposed by Borowiak et al. 
[75, 76] where SWNT were opened by reflux for 24h in 2M HNO3. Our results showed that 
after 24 h of treatment by 3M HNO3 (Fig.III.1 (b)) we observed opened end single tubes 
covered by a large quantity of amorphous carbon debris and especially at the tip. The creation 
of impurities on the tip of the tubes has a negative effect because the opened ends were 
“corked” afterward. By increasing of the concentration of nitric acid (conc.HNO3)             
(Fig.III.1 (c)) after 24h of oxidation, DWNT were also opened but the observation was much 
harder due to the very high quantity of amorphous carbon debris which covered not only the 
tip but also the walls. It is well known that the defects in the structure of CNT are the place 
where acid functional groups can be created. The generation of defects not only on the tip but 
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also on the side wall of DWNT was influenced by the increase in the concentration of HNO3 
and as a result, a coating of the walls was observed. The advantage of the third method for 
opening (Fig.III.1 (d) oxidation in a mixture of conc. HNO3/conc. H2SO4) was the use of a 
lower temperature (70°C). At this temperature and for the same time of treatment (24h) we 
observed opened DWNT which were also secondary “corked”. It has to be pointed out that in 
this case the amorphous carbon contamination was present mainly on the tips of the tubes as 
for the opening by 3M HNO3.  
 
 
Fig. III.1 : HRTEM pictures and drawings  of (a) raw DWNT followed by opening with        
(b) 3M HNO3, solution (c) conc. HNO3 solution and (d) conc.HNO3/H2SO4 solution for 24h. 
 
 In order to answer to the question, what is the percent of opened tubes in the sample 
after oxidation, we considered that the shortened tubes have at least one opened end. Fig.III.2 
(a) shows an AFM picture of raw DWNT from 4-5 µm up to 13-14 µm in length. We can also 
observe the presence of amorphous carbon agglomerates represented as white spots on the 
images. After 24h of oxidation by 3M HNO3 (Fig.III.2 (b)) we observed tubes with average 
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length of 8-10 µm and most of them were linked to amorphous carbon agglomerates. When 
conc. HNO3 was applied (Fig.III.2 (c)) we observed an agglomeration of the tubes probably 
due to the high level of amorphous carbon contamination in the sample after the oxidation and 
also because their behaviour in wet environment is very different from the pristine tubes 
(sample preparation). In this case, few single tubes with average length of 2 µm were 
observed (arrow) while the rest was a mixture of tubes longer than 2 µm. Fig.III.2 (d) 
represent the effect of shortening after oxidation with H2SO4/HNO3 mixture. We observed 
agglomerated short nanotubes and some isolated nanotubes shortened to up to 2-3 µm. It has 
to be pointed that, in this case, the AFM picture shows no more the presence of amorphous 
carbon agglomerates. 
 
 
Fig. III.2 : AFM pictures of (a) raw DWNT followed by opening with (b) 3M HNO3, (c) conc. 
HNO3 and (d) conc.HNO3/conc.H2SO4 for 24h. 
 
(c) (d) 
(a) (b) 
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 From the observed AFM images we can mention that after the three types of oxidation 
we observed shortening, more pronounced in the case of H2SO4/HNO3 oxidation where 
almost 100% of the tubes were observed to be shortened which means also opened.  We 
observed that during the filtration of DWNT after oxidation, with the three methods used 
here, part of the tubes crossed the membrane (ǿ=0.45 µm) due to their very small length. 
According to the HRTEM pictures of open ended DWNT (Fig.III.1) we considered that 
opening in 3M HNO3 and in mixture of H2SO4/HNO3 generates less amorphous carbon 
contamination which makes these two methods more suitable. Fig.III.3 (a) and (b) represent 
TEM pictures of oxidised DWNT which crossed the membrane during the filtration after 
oxidation respectively by 3M HNO3 and by H2SO4/HNO3 both for 24h. In the first case,    
(24h oxidation by 3M HNO3) the tubes were about 800 nm in length while in the second case 
(oxidation by conc.H2SO4/conc.HNO3) the tubes were shortened to 300-400 nm. The 
estimation of the length of the tubes was hard because most of them were attached to some 
contaminating sticky material presented as dark spots in the TEM pictures. 
 
    
Fig. III.3 : TEM pictures of shortened DWNT crossing the filter during filtration after 
oxidation by (a) 3M HNO3 and (b) conc.HNO3/conc.H2SO4 for 24h. 
 
(a) (b) 
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 Due to the high number of observed shortened DWNT, we consider that the oxidation 
by H2SO4/HNO3 for 24h is the most efficient method for opening and cutting. The oxidation 
by H2SO4/HNO3 (3:1) was considered by Smalley et al. [80] as a very efficient method for 
shortening and opening of SWNT. In this case, the tubes were oxidised at 70°C and it was 
found that the speed of shortening was of 130 nm/ hour-1. In our experimental work, we tried 
to separate the very short tubes from the rest of the tubes in order to estimate the ratio of short 
tubes after each step of oxidation. The oxidised and washed tubes (oxidation by H2SO4/HNO3 
for 3, 6, 9 and 24h) were centrifuged at 6000 rpm for 20 min. In the four cases we obtained a 
deposit which contains tubes of about 2-3 µm in length observed by AFM and a black liquid 
supernatant phase which contains very short nanotubes. The four suspensions were studied by 
TEM (Fig.III.4). In the first picture (Fig.II.4 (a)) we observed agglomerated nanotubes with 
non homogenous length distribution. We also observed many small black spots corresponding 
to the metal catalyst nanoparticles which had probably stayed in the liquid phase due to their 
small diameter (<5 nm). By increasing the time of oxidation up to 6h, (Fig.III.4 (b)) we 
observed that the tubes were shorter (average length of 500-600 nm) but agglomerated with 
amorphous carbon deposits. Some metal catalyst nanoparticles were also observed in the 
sample. A significant difference in the length of the tubes was obtained after oxidation for 9h 
(Fig.III.4 (c)) where we observed only single short nanotubes with average length of about 
250 nm. When the duration of oxidation was increased to 24h (Fig.III.4 (d)) we found tubes 
with average length of 200 nm with high homogeneity. After 24h of treatment, catalyst metal 
nanoparticles and amorphous carbon impurities were not observed anymore.  
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Fig. III.4 : TEM pictures of  DWNT obtained by centrifugation after H2SO4/HNO3 oxidation 
for (a) 3, (b) 6, (c) 9 and (d) 24h. 
 
Fig.III.5 represents the estimation of the average length of H2SO4/HNO3 oxidised 
DWNT found in the liquid phase after centrifugation. We observed that by increasing the time 
of oxidation the average length of the tubes decreased and from 1.2 µm after 3h of oxidation 
the length decreased to 200 nm after 24h of oxidation. It has also to be pointed out that the 
liquid phase contains no more than 10% of the whole mass of the sample, which means that 
the very short tubes are less numerous than the larger tubes with average length of 1.2 to     
2.3 µm. 
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Fig. III.5 : Estimation of the average length of centrifuged DWNT after oxidation by 
H2SO4/HNO3 for different times. 
 
III.2.1.1.2. Treatment by other oxidants  
- Experiment  
Some oxidising compounds such as KMnO4 or K2Cr2O7 in solution in H2SO4 can be 
successfully used in order to open the tips of DWNT. Two methods were used: 
- Method 1: 200 mg of raw DWNT were transferred into 200 mL of a 0.012M aqueous 
solution of KMnO4 in a 1M H2SO4 aqueous solution and treated at 130°C for 3, 6, 9 and 24 h.  
- Method 2: 200 mg of raw DWNT were treated in a 0.38M aqueous solution of K2Cr2O7 in a 
4.5M H2SO4 aqueous solution at 60°C for 3, 6, 9 and 24h. 
After each step, an homogeneous sample of 50 mL of the suspension was taken, 
filtered, washed with 3x100 mL of deionised water and dried at 80 °C overnight. 
 
- Results  
Hwang [61] first applied oxidising treatment by 0.2 M KMnO4 in a 10 % H2SO4 
aqueous solution in order to open the tips of MWNT. After 30 min only at 100°C, about 64% 
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of the tubes were found to have opened ends. In our experimental work, we decreased the 
concentration of the oxidant in the solution using 0.012M KMnO4/1M H2SO4 solution due to 
the lower resistance of DWNT compared to MWNT. The first picture (Fig.III.6 (a)) represents 
a typical picture of closed raw DWNT. After 24h of oxidation by KMnO4/H2SO4 (Fig.III.6 
(b)) we observed that the tubes may be opened and then covered by debris of amorphous 
carbon. Similar results of amorphous carbon coating were observed by Satishkumar et al. [71] 
who successfully opened MWNT by KMnO4/H2SO4 oxidation for 24h. The mechanism of the 
formation of debris focused on the opened tips of the tubes may be the same as for oxidation 
with the oxoacids.  
The first information about opening of MWNT by 0.2M solution of K2CrO7/in a 10% 
H2SO4 aqueous solution came also from Hwang [61] who found that this method (30 min 
treatment) is unable to open the tips of the tubes. In our work, the concentration of the 
K2Cr2O7 solution was increased to 0.38M and the time to 24h in order to obtain a maximal 
effect of opening. Fig.III.6 (c) shows that the tips of the tubes were opened but amorphous 
carbon debris covered not only the tips but also the walls of the tubes. It
 
is also necessary to 
mention that the imaging of the samples after oxidation by K2Cr2O7/H2SO4 was difficult due 
to the very high quantity of amorphous carbon on the nanotubes surface. 
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Fig. III.6 : HRTEM pictures of (a) raw DWNT followed by  (b) KMnO4/H2SO4 and (c)  
K2Cr2O7/H2SO4 24h treatment. 
 
 AFM was used to quantify the cutting effect of the treatments. The first picture 
(Fig.III.7 (a)) shows that the tubes after 24h of oxidation by KMnO4/H2SO4 were not 
shortened. In order to separate the short from the longer tubes we performed centrifugation at 
6000 rpm for 20 min on the oxidised sample. The supernatant obtained by centrifugation was 
colourless, indicating the absence of tubes of low density.  We may conclude that short tubes 
were not formed after oxidation for 24h by KMnO4/H2SO4. The oxidation with 
K2Cr2O7/H2SO4 seems to be much stronger according to the AFM pictures (Fig.III.7 (b)). In 
this case 100% of the tubes were observed to be shortened up to 5-6 µm and 30% were 100 
nm in length. Centrifugation at 6000 rpm for 20 min did not allow the separation of the tubes 
but gave a black suspension that may correspond to a sample containing only short tubes, and 
possibly oxidation debris. 
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Fig. III.7 : AFM pictures of raw DWNT oxidised by (a) KMnO4/H2SO4 and                            
(b)  K2Cr2O7/H2SO4 for 24h. 
 
III.2.1.1.3. Treatment by NaOH in melted phase  
- Experiment  
Typically, 20 mg of raw dried DWNT were ground in an agate mortar together with   
73 mg of sodium hydroxide (from Sigma-Aldrich). The mixture was transferred into an open 
ampoule (6 mm diameter), dried overnight at 80°C and put for 2 h under vacuum. After 
sealing, the ampoules were heated at the rate of 3°C/min to 418°C (TmNaOH= 318°C) and kept 
at this temperature for 4h before being was cooled down to room temperature. The product 
was washed with deionised water (3x100 mL). The wet DWNT were transferred into 100 mL 
of deionised water for 24 h of stirring at 80°C. The product was filtered, washed with water 
(3x100mL) and finally dried at 80°C overnight.  
 
- Results 
Fig.III.8 shows a HRTEM image of DWNT after treatment by molten sodium 
hydroxide. We observe empty tubes, with walls and tips that seem to have been modified. 
Green et al. [203] have prepared empty and open SWNT by heating with molten sodium (or 
other alkali) hydroxide and then removal of the hydroxide which had entered and filled the 
(a) (b) 
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SWNT by washing with water. In our work, the fact that all the tubes are empty is indicating 
that the washing in deionised water at 80°C for 24 h is efficient. If we focus our attention on 
the tips of DWNT we can see that they seem to be open but covered by amorphous carbon 
deposits. Green and co-authors explain the opening of the tubes by the reaction of the more 
active carbon atoms at the tips with traces of residual water in the molten hydroxide giving 
the oxidation reaction: 
                                            H2O + C → CO + H2                                        (eq. III.1) 
The reaction: 2 NaOH ↔ Na2O +H2O being the main source of water molecules. 
Reaction (eq. III.1) could be also a good explanation of the fact that many ampoules 
containing a mixture of DWNT and NaOH exploded during the heating treatment. 
Long observations were not possible because of the damage caused on tubes by the 
high accelerating voltage (200 kV) used to image the sample. 
 
 
Fig. III.8 : HRTEM picture of DWNT treated by molten sodium hydroxide. 
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III.2.1.1.4. Conclusion 
 The wet chemistry route methods for opening of DWNT we used showed that in all 
cases the tubes were found to be opened but secondary closed by amorphous carbon debris. 
The best method for opening was found to be the oxidation by H2SO4/HNO3 for 24h after 
which more than 10% of the tubes were shortened up to 200 nm. The oxidations by conc. 
HNO3 and K2Cr2O7/H2SO4 for 24h were found to be too aggressive methods due to the 
creation of high level of debris and defects on the whole tubes. The NaOH treatment seems to 
be less efficient method for opening.  
 
III.2.1.2. Dry route 
 We investigated opening and shortening of DWNT using dry routes such as oxidation 
in air, microwave treatment in closed vessel or by the assistance of Fe powder.   
 
III.2.1.2.1. Oxidation in air  
- Experiment 
 Typically, 100 mg of dried raw DWNT were placed in an alumina boat and heated in 
air at 500°C for 30 min. After measuring the mass of the product it was found that 80% of the 
mass was lost during the oxidation. The product was transferred into 15 mL of HCl (37%) 
solution in order to eliminate the residual metal catalyst nanoparticles. After settling overnight 
at room temperature, the blue (due to the dissolution of the Co nanoparticles) suspension was 
filtered and washed 3 times with 100 mL of H2O. The wet product was dried at 80°C 
overnight. The loss of mass of the HCl washed and dried sample was of 90%. 
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- Results 
 The opening of DWNT by air oxidation is a well known procedure for purification of 
CNT [116, 119]. Heating in air is useful in order to attack the more reactive tips of the tubes 
and to open them. The first experimental opening by air was performed by Ajayan and co- 
workers [90] who successfully opened MWNT at 700°C. The mechanism of this method can 
be explained by the direct attack by O2 of structurally segments and defects, such as end caps 
and kinks. Due to the lower resistance of DWNT compared to MWNT, we studied the process 
of opening of DWNT at 500°C for 30 min. Fig.III.9 (a) shows typical picture of DWNT after 
the oxidation in air. We observed that the tubes formed large bundles and only the tips of few 
tubes were observed (arrows). It is likely that these large bundles were formed during HCl 
washing, during drying, or during sample preparation (sonication). HRTEM picture represents 
a bundle of three tubes from which one is apparently opened while the rest of the tubes were 
covered probably by decomposition amorphous carbon. The problem of the coating of tubes 
after oxidation by air was encountered also by Tran et al. [92] who show that after oxidation 
of MWNT at 600°C in air some of the tips were blocked by amorphous carbon. The same 
authors also showed that the oxidation by air at 600°C for 5 min made MWNT shortened and 
dispersed. In our experimental studies after the oxidation at 500°C for 30 min, we found that, 
according to TEM and AFM images (III.9), DWNT formed large bundles; the estimation of 
the length of the tubes was not possible. 
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Fig. III.9 : (a) TEM and HRTEM and (b) AFM pictures of DWNT opened by air oxidation at 
500°C for 30min. 
 
III.2.1.2.2. Microwaves treatment  
 The opening of DWNT by microwaves is a more recent concept which is based on the 
heating properties of the metals in microwave fields [281]. It was shown that metal catalyst 
from the production of SWNT accelerates the oxidation of carbon. It is clear that the 
microwave heating is selectively directed to the iron particles. When the tubes were heated 
they were oxidised due to the air atmosphere which is supposed to open the tips of the raw 
DWNT. We performed two different types of microwave opening; the first one is based on 
the microwave heating properties of the Co catalytic nanoparticles in the raw sample and also 
the heating properties of a SiC holder in microwave field. The second investigated method 
was based on the heating properties of some Fe powder which was mixed with the raw 
DWNT in order to increase the temperature and the speed of the oxidation. 
 
III.2.1.2.2.1. Microwaves treatment in closed vessel  
- Experiment 
 Typically, 40 mg of raw dried DWNT were placed in a SiC vessel (Fig.III.10) closed 
by an alumina boat placed on the top. The samples were placed in microwave oven and 
(a) 
(b) 
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treated at 800W for 10 min. The samples were then placed in HCl (37%) solution at room 
temperature overnight. The blue-coloured suspensions were filtered and the solid washed with 
3x100 mL H2O. The powders were dried at 80°C overnight. 
 
 
Fig. III.10 : SiC vessel (top view) used for microwave treatment of DWNT. 
 
- Results 
 Fig.III.11 shows few tips of DWNT surrounded by Co metal catalytic nanoparticles. 
After observation by HRTEM the tips of the tubes were found to be closed and no opening 
was observed in the samples. The reason probably is the very short time of 10 min which was 
not enough in order to oxidise the tips of the tubes. However, the time of 10 min was found to 
be the optimal considering the high loss  of mass (100%) when longer times are used. Because 
most of nanoparticles are not at tips of the tubes but mainly found as carbon-encapsulated 
nanoparticles, this may also explain why tips were not opened or shortened in such 
experimental conditions.   
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Fig. III.11 : TEM and HRTEM pictures of DWNT treated by microwave in 
closed vessel for 10 min at 800W. 
 
III.2.1.2.2.2. Microwaves treatment with added iron powder  
- Experiment 
 
 Typically, 100 mg of raw dried DWNT were mixed with 400 mg of Fe powder 
(Prolabo, 40-160 µm) by grinding. The mixture was transferred into a small silica boat and 
placed in the microwave oven (Fig.III.12 (a)). The sample was treated for 2 min at 800W. The 
product was transferred in 40 mL of HCl (37%) solution and heated up to 90°C. The colour of 
the suspension was found to be green due to the mixture of the yellow colour of Fe3+ and the 
blue of Co2+ (Fig.III.12 (b)). After 1, 2, 6 and 24h, samples of 10 mL were taken for analysis. 
Each of these samples was filtered, washed with 3x100 mL of H2O and finally dried at 80°C 
overnight.  
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Fig. III.12 : (a) Microwave heating of DWNT/Fe powder and (b) green suspension obtained 
after addition of HCl solution. 
 
- Results 
 The sample of microwave-treated tubes (after 24h of HCl treatment) was observed by 
TEM and HRTEM (Fig.III.13). The tubes observed were long and mostly arranged in 
bundles, so the tips observed were scarce. The HRTEM picture shows that the tips of the 
tubes remained closed and no opening or shortening was observed. It seems that the time of 2 
min of treatment was not enough to oxidise the ends of the tubes. The limit of 2 min of 
treatment was chosen because of the very high operating temperature (observation of melted 
iron) and also because of the big loss of mass observed in the samples (about 58%). 
(a) 
(b) 
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Fig. III.13 : TEM and HRTEM pictures of DWNT treated by microwave in the presence of  
iron powder for 2 min at 800W. 
 
III.2.1.3. Conclusion 
 The best “dry” method for opening of DWNT was found to be the oxidation in air 
(500°C for 30 min) where open tubes placed in bundles were observed. However, the number 
of opened tubes was small and shortening was not observed. Opening of the tubes using 
microwave heating in closed vessel or using iron powder assistance was not observed. The 
biggest disadvantage of “dry” methods used in our experiments is the very high loss of mass. 
 
III.2.2. Two-step methods for opening and shortening of DWNT  
III.2.2.1. Treatment by thermal oxidation in air followed by oxidation by 3M HNO3 
 
- Experiment 
 In an usual procedure, 200 mg of raw DWNT were placed in an alumina boat and 
heated at 500°C for 30 min in air. The product was transferred into 20 mL of HCl (37%) 
solution overnight at room temperature. The suspension was filtered and washed with 3x100 
mL H2O. The wet product was transferred into 100 mL of 3M HNO3 solution and refluxed for 
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24h. The suspension was filtered and washed with 3x100 mL of H2O. The tubes were dried at 
80°C overnight. 
 
- Results  
  
The oxidation in air normally attacks only the tips of the tubes and shortening is not 
observed (Fig.III.14 (a)). When a second oxidation of 24h by 3M HNO3 solution was applied, 
the number of the shortened tubes observed increased (Fig.III.14 (b)). We observed also many 
individual tubes separated from the bundles formed after the air oxidation. From the HRTEM 
image in Fig.III.14 (b) we clearly see that the tips of the nanotubes are opened when the walls 
seem to be clean. The usual creation of amorphous carbon of decomposition on the walls of 
the tubes after oxidation with 3M HNO3 was not observed. We suppose that the walls 
presenting defects were eliminated by the oxidation in air and that the nitric acid could thus 
not find so much attack sites. However, the tips of the tubes are apparently functionalised and 
some small amounts of amorphous carbon were attached on them. 
 
   
 
Fig. III.14 : TEM and HRTEM pictures of DWNT (a) treated in air (30 min 500°C) followed 
by (b) treatment by 3M HNO3 solution for 24h at 130°C. 
 
(a) (b) 
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 The AFM pictures on Fig.III.15 (a) and (b) represent respectively DWNT after 
oxidation in air (large bundles) and after the final treatment. It has to be pointed that after 
further oxidation with 3M HNO3 (b) individual shortened tubes with an average length of    
1.2 µm were observed which means that the acidic treatment allows an additional shortening 
of tubes. 
  
Fig. III.15 :AFM pictures of DWNT (a) treated in air (30 min 500°C) followed by (b) 
treatment by 3M HNO3 solution for 24h at 130°C. 
 
III.2.2.2. Treatment by conc.H2SO4/conc.HNO3 followed by oxidation by 3M HNO3 
- Experiment 
 Typically, 200 mg of wet raw DWNT were placed into 200 mL of 3:1 vol. solution of 
[conc.HNO3:conc.H2SO4] and treated at 70°C for 24h. The product was filtered and washed 
with 3x100 mL of water. The oxidised tubes were placed into 200 mL 3M HNO3 solution and 
treated at 130°C for 24h. The product was filtered and washed with 3x100 mL H2O. The 
drying was performed at 80°C overnight.  
 
- Results  
According to the literature the most useful method for opening of CNT is the treatment 
by HNO3 solution which has the biggest impact on the pentagonal structure of the tips. When 
(a) (b) 
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this method was applied, we observed that the tubes were covered by amorphous carbon of 
decomposition leading to a secondary closing of the tips. The oxidation by H2SO4/HNO3 (3:1) 
solution was considered as a method which opens the tips of the tubes but also removes the 
amorphous carbon from the sample. Fig.III.16 (a) shows that after 24h of oxidation by a 
H2SO4/HNO3 mixture, the samples did not contain any amorphous impurities and few tips of 
DWNT were observed (arrow). After oxidation by 3M HNO3 solution (Fig.III.16 (b)) we 
observed that the number of the shortened DWNT in the samples increased and many 
individual tubes were observed (arrows). In the same time creation of amorphous carbon and 
debris on the tubes was not found. 
 
       
 
Fig. III.16 : TEM pictures of DWNT (a) treated  by H2SO4/HNO3 solution followed by (b) 
additional oxidation by 3M HNO3 solution for 24h at 130°C. 
 
III.2.2.3. Conclusion 
 The secondary oxidation by 3M HNO3 solution for 24h after pre-opening by oxidation 
in air or by H2SO4/HNO3 solution leads to an increase in the number of opened tubes. After 
the second oxidation, the tubes were also found to be more isolated and single while after the 
first opening the tubes formed large bundles which was disturbing the observations. No am. 
(a) (b) 
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coating was observed on the CNT, which is very different the case when HNO3 treatment is 
applied to raw DWNT. 
 
III.3. Secondary reactions during one step opening  
III.3.1. Acid group functionalisation and stability of water/nanotubes 
suspensions 
 
III.3.1.1. Functionalisation by acid groups  
III.3.1.1.1. Infra-red spectroscopy 
 The different oxidations by oxoacids (HNO3 or H2SO4/HNO3) create –COOH 
functional groups placed mainly on the defects of the sidewalls of the tubes [106]. The 
functionalisation of the tubes was evidenced by the IR spectroscopy of raw DWNT oxidised 
by 3M HNO3 for 3h in reflux (Fig.III.17). Fig.III.17 (a) shows that the raw DWNT contain the 
following bands: at 1627 cm-1 and 1461 cm-1 C = C; at 1380 cm-1 C – H. After the oxidation 
(Fig.III.17 (b)) we observed the followed functional groups: at 1728 cm-1 C = O; at 1586 cm-1: 
C = C and C = O; at 1384 cm-1: OH; at 1215 cm-1: C - O - O.   
 
 
Fig. III.17 : Infra-red spectra of (a) raw DWNT treated by (b) 3M HNO3 for 3h in reflux. 
 107 
III.3.1.1.2. Titration of acidic functions 
 The titration experiment was first performed by adding of an excess on CNT by NaOH 
solution with known volume for 2 days at RT by stirring. The excess was titrated by HCl with 
the same volume as the base solution. The number of the functional COOH groups was 
calculated by taking into account the total concentration of OH- groups in the control 
experiment (Vtest) and the concentration of the OH- groups which remained after reaction with 
the functionalised tubes. We used the following equation: 
                    nCOOH = CHCl (Vtest- V1)                                          (eq. III.2) 
where, CHCl is the concentration of the acidic solution, Vtest is the total volume of OH- groups 
and V1 is the volume of OH- groups after different treatments. 
 For example, in case of raw DWNT oxidised by K2Cr2O7/H2SO4 for 24h the 
concentration of the functional groups was calculated by the following equation taking in 
account the equivalent points in the titration curve (Fig.III.18): 
                   nCOOH= 5*10-3 (9.2*10-3 – 3.9*10-3) = 23.7*10 -6 mol                     (eq. III.3) 
for 10 mg of the used powder, which corresponds to n= 2.37 mmol/g. 
 
 
 
 
 
 
 
 
Fig. III. 18: An acid/base titration curve of row DWNT treated by K2Cr2O7/H2SO4 for 
24h. 
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III.3.1.1.2.1. Acid-base titration of oxoacids opened DWNT  
The acid-base titration was examined for raw and oxoacids oxidised DWNT. The 
result (Fig.III.19) shows that even without any acid treatment the raw tubes contain small 
content (0.32 mmol/g) of -COOH + OH functional groups. The explanation of this fact is that 
the raw tubes contain defects in their structure, with pronounced sp3 hybridisation and high 
reactivity which is a source of creation of functional groups. After oxidation of the raw tubes 
by 3M HNO3 for 24h in reflux, the number of the functional groups increased up to           
2.04 mmol/g. In this case the attack by 3M HNO3 increased the level of the defects in the 
structure and as a result the number of the functional groups increased. It was already 
discussed earlier that the oxidation by 3M HNO3 first attacks the tips of the tubes followed by 
opening which means that high percentage of the -COOH groups were created on the open 
ends. The highest number of functional groups (2.73 mmol/g) was obtained in the case of 
oxidation by conc. HNO3 for 24h in reflux which is due to the very high level of defects not 
only on the tip but also in the walls of the tubes, as observed in Fig.III.1 (c). The high level of 
-COOH groups in this sample also can be explained by the creation of amorphous carbon on 
the sidewall of the tubes, found as sticky debris which are probably also functionalised by the 
HNO3 oxidation. The acid-base titrations results show that the oxidation by a mixture of 
conc.H2SO4/conc.HNO3 (3:1) for 24h gives two times less functional groups (1.24 mmol/g) 
than after oxidation by conc. HNO3 (2.73 mmol/g). Earlier it was observed that this type of 
oxidation attacks only the defective carbon with sp3 hybridisation without creation of 
amorphous carbon debris on the sidewalls of the tubes. It means that the -COOH groups are 
concentrated mainly on the tips of the tubes. Fig.III.19 compares the results of the titration of 
the different kinds of oxidised DWNT. 
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Fig. III. 19 : Concentration of functional groups attached to raw and oxidised DWNT (24h) 
measured by acid/base titration. 
 
 
III.3.1.1.2.2. Acid-base titration of opened DWNT by other oxidants  
 Acid-base titration was performed also for two samples treated by other oxidants            
(Fig.III.20). After 24h of oxidation by K2Cr2O7/H2SO4 we found that the number of –COOH 
functional groups increased from 0.32 mmol/g for raw DWNT to up to 2.37 mmol/g. 
According to the HRTEM picture III.6 (c) the decomposition of sp2 carbon from the DWNT 
structure leads to formation of high level of amorphous carbon debris placed on the sidewall 
of the tubes. In this case as well probably not only the defects on the DWNT structure were 
functionalised but also the amorphous carbon debris on the sidewalls. The acid-base titration 
showed that the oxidation by KMnO4/H2SO4 for 24h created twice fewer functional groups 
(1.17 mmol/g) than the oxidation by K2Cr2O7/H2SO4 for 24h (2.37 mmol/g).  
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Fig. III. 20: Concentration of functional groups attached to raw and oxidised DWNT 
measured by acid/base titration. 
 
III.3.1.2. Stability of aqueous suspension of CNT measured by Zeta potential  
III.3.1.2.1. Experiment 
 We studied the Zeta potential of six samples: 
- Raw DWNT; 
- DWNT oxidised by conc.HNO3 (reflux for 24h); 
- DWNT oxidised by 3M HNO3 (reflux for 24h); 
- DWNT oxidised by conc.H2SO4/conc.HNO3 (70°C for 24h); 
- DWNT oxidised by KMnO4/H2SO4 (reflux for 24h); 
- DWNT oxidised by K2Cr2O7/H2SO4 (60°C for 24h). 
For each sample 10 mg of dried tubes were placed into 100 mL of H2O. The 
suspensions were sonicated for 15 min using a bath sonicator and then for 10 min by           
tip-sonication (500W, 20 % of the amplitude). In order to keep the suspension stable for 
longer time, we also used Ultraturax (model DI 25 basic, 50/60 Hz, 600 W) with rotation 
speed of 8000 rpm. During this mechanical homogenization 1 mL of each suspension was 
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taken and diluted to 10 mL in H2O (Fig.III.20). The suspensions were bath sonicated for 15 
min and immediately measured. 
 
Fig. III.20 : Typical picture of DWNT/water suspension used for Zeta potential 
measurements. 
 
III.3.1.2.2. Results  
III.3.1.2.1. Measure of the Zeta potential of suspensions of oxidised CNT by oxoacids 
 
 The measure of Zeta potential is important in our studies in order to determinate the 
dispersibility of CNT in water which is an important factor for bio-application of the tubes. 
The dispersibility of DWNT is related to the ionization of carboxylic acid groups introduced 
by acidic treatments (DWNT-COOH → DWNT-COO- + H+) and adsorption of ions such as 
H+ or OH- from the aqueous suspension which leads to the presence of a net charge on the 
surface of DWNT. In general after oxidising treatment of CNT by different oxoacids the tubes 
form small bundles from 1 to 6 nm that behave as colloidal particles. Once the tubes are 
opened and shortened by the acids attack they were covered by carboxylic acid groups which 
have a great influence on the charge of the tubes.  
 Our first studies were performed on samples taken after the first step of the 
preparation where 10 mg of dried sample were placed in 100 mL of H2O and then sonicated 
and homogenised. We chose the water as a liquid in the suspension following the bio-medical 
requirements. For each sample we took 20 mL of the suspension transferred in glass flask   
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(Fig.III.21) and allowed it to settle down for 24 h at RT. In the first case (Fig.III.21 (a)) we 
observed that the raw tubes in the water suspension fell at the bottom of the flask and only 
few agglomerates remained in the supernatant. In the case of the functionalised tubes, 
oxidised by 3M HNO3, conc. HNO3 or mixture of conc. H2SO4/HNO3 acids (Fig.III.21 (b), (c) 
and (d)), the suspensions were stable and no precipitation was observed (visual observation).  
 
 
Fig. III.21 : Picture of water suspension after 24h of rest containing (a) raw DWNT treated 
by (b) conc. HNO3, (c) 3M HNO3, (d) conc.H2SO4/conc.HNO3. 
 
 The Zeta potential of the raw DWNT (Fig.III. 22) showed a positive charge of 0.4 mV. 
The suspension containing conc.HNO3 oxidised tubes showed high negative zeta potential of         
-43 mV. This result was compared to the results of Haddon et al. [282] who found that after 
HNO3 oxidation of SWNT the charge was -64 mV.  By decreasing the concentration of HNO3 
to 3M we observed that the zeta potential also decreased (-25 mV). The tubes treated by the 
two oxoacids also showed high negative charge (-32 mV). The high negative zeta potential of 
these three samples corresponds to the high stability of the suspensions as observed in 
Fig.III.21. The highest measured Zeta potential (-43 mV) of the sample treated by conc.HNO3 
can be also related to the highest number of functional groups obtained for this sample      
(2.73 mmol/g). 
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Fig. III.22 : Zeta potential measurements on suspensions of DWNT treated by different 
oxoacids. 
 
 
III.3.1.2.2. Measure of the Zeta potential of suspensions of oxidised CNT (other oxidants) 
 
 
 
Fig. III.23 : Picture of aqueous  suspensions after of 24h of rest containing DWNT treated by 
(a) KMnO4/H2SO4 and (b) K2Cr2O7/H2SO4. 
 
The Zeta potential measured for tubes oxidised by KMnO4/H2SO4 was found to be the 
lowest (absolute value) negative charge (-15 mV) (Fig.III.24). This corresponds to the picture 
of the suspension (Fig.III.24 (a)) where all the tubes settled down at the bottom of the flask. 
The suspension (Fig.III.23 (b)) containing tubes oxidised by K2Cr2O7/H2SO4 was usually 
stable after 24h or sedimentation at RT and the zeta potential of this sample was the same than 
the sample treated by the mixture of the two oxoacids (-32 mV). This is to compared to the 
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results of acid-base titrations which show that the higher amount of functional groups 
surprisingly corresponds to the lower zeta potential. 
 
Fig. III.24 : Zeta potential measurements on suspensions of DWNT treated by different 
oxidants. 
 
III.3.1.3. Conclusion 
 We found that the increase in the number of acidic functional groups in the sample of 
oxidised DWNT strongly depends on the concentration of the used oxidants. The highest 
number of functional groups was obtained after 24h of oxidation by conc.HNO3 (nCOOH=2.73 
mmol/g). The level of functionalisation of the tubes after oxidation was found to be the key 
for stable suspensions. The highest (absolute value) negative Zeta potential (-40 mV) was 
measured for samples oxidised by conc.HNO3 which gave the most stable aqueous suspension 
after 24h of sedimentation. The lowest (absolute value) negative charge (-16 mV for KMnO4 
treatment) corresponds also to the lowest functionalisation rate (1.17 mmol/g). 
 The presence (or not) of oxidation debris may play an important role in the stability of 
these different suspensions. 
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III.3.2. Purification of CNT  
III.3.2.1. Purification by liquid phase oxidation  
III.3.2.1.1. Elimination of catalytic metal nanoparticles  
- Elimination of catalytic metal nanoparticles by oxoacids  
 
After extraction of the composite powder the samples of DWNT still contain residual Co 
(3.4 wt. %) and Mo (1.2 wt. %) nanoparticles encapsulated and protected by carbon shells. 
The metal content of the samples was obtained by Atomic Absorption Spectroscopy. With the 
three treatments discussed in III.2.1.1.1, the loss of metal is similar: (Fig.III.25) more than   
90 wt. % for conc.HNO3 and 3M HNO3 and 78 wt. % for mixture of conc.HNO3/conc.H2SO4. 
The metal loss was calculated taking in account the metal content of raw DWNT and the 
metal content after the treatment step, converted in percents. Using different concentrations of 
nitric acid, we observed different purification yields. In the case of conc. HNO3, the maximal 
efficiency of elimination of metal impurities was reached after 6 h of reflux which is faster 
than using 3M HNO3 where the same rate was obtained only after 24 h of treatment. The 
explanation of this difference is that conc. HNO3 reacts very fast with the defective structure 
of the carbon shells of nanoparticles and as a result the acid soluble Co and Mo nanoparticles 
were unprotected and dissolved. Haddon et al. [130] also found that the best condition in 
order to eliminate maximum of metal catalyst nanoparticles from SWNT is by oxidation with 
3M HNO3 for 24. When the time of oxidation or the concentration of HNO3 was increased the 
metal nanoparticles were almost totally eliminated but this was accompanied by many 
negative secondary reactions such as creation of amorphous carbon impurities. In the case of a 
mixture of [conc. HNO3/conc. H2SO4] the effect of elimination of the metals after 3, 6 and   
12 h is between 30 and 35 wt. % which is considered as rather low. The maximum effect of 
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metal nanoparticles purification using this acid mixture was reached after 24 h of treatment 
and shows 78 wt. % of elimination which is lower than for the two previous methods.  
The destruction of the DWNT samples during the metal elimination has been investigated 
by a measurement of the weight loss of the sample after 3 and 24 h of oxidation (Fig.III. 25). 
The weight variation of DWNT during chemical purification mainly results from removal of 
metals. 
The results show that when increasing the concentration of HNO3, the weight loss 
increases as well. After 24 h of reflux in 3M HNO3 only 17 % of the mass was lost. Using the 
same conditions but with sample of SWNT Haddon et al. [130] found that the loss of mass of 
the sample was 36%. In our case the lower weight loss was generally due to the higher 
resistance of DWNT.  For the same treatment time we found that conc. HNO3 has stronger 
destructive behaviour by leading to the loss of more than the half of the initial sample mass. 
In the third case, using [conc. HNO3/conc. H2SO4] mixture after 24 h of treatment the final 
product was only 19 % of the sample initial mass, which makes this method less attractive.     
 
Fig. III.25 : Metal loss and weight loss after oxidation with different oxoacids. 
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The elimination of catalyst metal nanoparticles using oxidation by oxoacids was also 
studied by magnetic measurements. Fig.III.26 (a) and (b) represent the magnetisation 
saturation (Ms) of raw DWNT which showed high Ms of 5.3 emu/g due to the Co 
nanoparticles in the samples. When the sample was oxidised by 3M HNO3 for 24h in reflux 
the Ms decreased to 0.15 emu/g which is an evidence that a big part of the metal was removed 
from the samples. In the second case the raw tubes were oxidised by conc. H2SO4/conc.HNO3 
for 24h and Ms of 0.3 emu/g was measured. The magnetic measurements of these samples are 
in agreement with the elemental analysis (Fig.III.25) where the tubes oxidised by 3M HNO3 
for 24h contain less metal nanoparticles than the samples treated by conc.H2SO4/conc.HNO3 
for 24h (Table III). 
Table III.1 Comparison of metal elimination rate and magnetisation saturation for     
different purification methods. 
 
Purification method Elimination of metal, (%.) Ms, (emu/g) 
3M HNO3 for 24h 90 0.15 
H2SO4/HNO3 for 24h 78 0.3 
 
 
Fig. III.26 : Hysteresis loops of (a) raw DWNT and (b) 3M HNO3 and conc. 
H2SO4/conc.HNO3 oxidised DWNT. 
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-  Elimination of catalytic metal nanoparticles by other oxidants  
The results show that after 24 h of treatment in [KMnO4/H2SO4] solution, 72 wt. % of 
the residual metal nanoparticles have been eliminated (Fig.III.27). After the same treatment 
time, using a mixture of [K2Cr2O7/ H2SO4] the results show removal of the metal 
nanoparticles up to 99 wt. % which can be considered as a very efficient method for metal 
elimination. After 24 h, the rate of metal elimination using oxidants is similar to the rate 
obtained with the three acids described in III.1 but in the case of [KMnO4/H2SO4] or 
[K2Cr2O7/H2SO4] the effect is faster (after 3 h of oxidation between 75 and 92 wt. % metal 
loss). The maximum weight loss after oxidation in KMnO4/H2SO4 was obtained after 3 h of 
treatment (8 wt. %) and did not depend on the treatment time. In the case of [K2Cr2O7/H2SO4] 
the destructive behaviour from 5% weight loss after 3 h up to 99% after 24 h of treatment and 
especially between 9 and 24h. This makes the [K2Cr2O7/H2SO4] method not usable for 
purification of DWNT. 
 
Fig. III.27 : Metal loss and weight loss after oxidation with other oxidants. 
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- Elimination of catalytic metal nanoparticles by melted NaOH  
During the HRTEM observation (Fig.III.8) we found that the metal catalyst 
nanoparticles were not removed from the sample. The elemental analysis of Mo and Co in 
NaOH treated DWNT (Mo= 0.5 wt. %; Co= 3.1 wt. %) do not show big difference with the 
metal content of the starting material. It means that melted sodium hydroxide treatment is not 
efficient to remove the metal impurities from the sample.  
 
- Conclusion 
 We found that the faster method in order to eliminate the metal (Co/Mo) catalyst 
nanoparticles was by reflux in conc. HNO3 for 9h where 90% of the metals were removed. 
Due to the high weight loss after oxidation by conc. HNO3 (more than 50% after 24h 
oxidation) the oxidation by 3M HNO3 for 24h in reflux conditions was found to be more 
suitable where 90% of the metal was removed and only 17% of the sample mass was lost. In 
the two cases of oxidation by other oxidants (KMnO4/H2SO4 or K2Cr2O7/H2SO4) the 
maximum of removed metal catalyst nanoparticles from the samples was obtained after 3h of 
treatment. The oxidation by K2Cr2O7/H2SO4 for 3h was found to be very useful due to the 
high number of eliminated metal (91 wt.%) and in the same time small loss of mass (5%). 
 
III.3.2.1.2. Creation of amorphous carbon  
Amorphous carbon is created during the CCVD synthesis of DWNT although it is not 
in the form of deposits on the tubes, and it is always present in the raw samples. During the 
oxidising treatment for opening, the amorphous carbon in the raw samples was also attacked, 
leading of the formation of sticky coating on the DWNT sidewalls.  
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III.3.2.1.2.1. Creation of amorphous carbon by oxoacids  
This secondary reaction was studied for the three methods used for opening by 
oxoacids. 
- TEM observations  
 
- Creation of amorphous carbon by 3M HNO3 
During the observation of the open tip DWNT (Fig.III.1 (b)) we found that not only 
the tips of the tubes are covered by sticky material but also the walls of the tubes. The debris 
which coated the tubes were formed by the decomposition of the carbon after the attack by 
3M HNO3 and by the partial decomposition of tube walls. Fig.III.28 represents the evolution 
of the creation of amorphous carbon debris after oxidation for 3, 6, 9 and 24h. The first 
picture (Fig.III.28 (a)) shows the beginning of the creation of debris where the dark 
amorphous carbon agglomerates start to decompose and coat the surface of the tubes. By 
increasing the time of oxidation up to 9h most of the tubes were decorated by thick layer of 
debris. Finally after 24h, 100% of the tubes were found to be coated and observation of 
individual DWNT was very difficult. Similar conclusion was done by Haddon et al. [130] 
who found that by increasing the treatment time from 12h to 24h in reflux using 3M HNO3 
the level of carbonaceous impurities also increased while the mass of SWNT decreased. 
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Fig. III.28 : TEM pictures of 3M HNO3 oxidised DWNT after (a) 3h, (b) 6h, (c) 9h and (d) 
24h of oxidation. 
 
- Creation of amorphous carbon by conc. HNO3 
 In Fig.III.1 (c) it was observed that the opened tubes contain a huge amount of 
carbonaceous fragments (CFs) placed on the surface of DWNT. The creation of this CFs was 
studied during the opening for different times (3, 6, 9 and 24h).  Fig.III.29 (a) shows that after 
3h of oxidation the tubes were already attacked by conc. HNO3 and formed small islands of 
amorphous carbon. When the time of oxidation reached 6h (Fig.III.29 (b)) all the tubes were 
found to be coated by the CFs. The increase in the oxidation time up to 24h (Fig.III.29 (d)) 
leads to total coating of the tubes by thick layers of amorphous carbon and the observation of 
individual tubes was again very difficult. 
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Fig. III.29 : TEM and HRTEM pictures of conc. HNO3 oxidised DWNT after (a) 3h, (b) 6h, 
(c) 9h and (d) 24h of oxidation. 
 
- Creation of amorphous carbon by conc.H2SO4/conc.HNO3 
The oxidation by a mixture of H2SO4/HNO3 (3:1) is known to intercalate and exfoliate 
graphite [106]. During the filtration of the samples prepared for different times of oxidation 
we observed that the filtrates had different colours (Fig.III.30). After 1h of oxidation, the 
filtrate was slightly blue (Fig.III.30 (a)), which means that the removal of the Co catalytic 
nanoparticles started immediately. When the time of oxidation increased up to 3h (Fig.III.30 
(b)) the filtrate was slightly brown. The colouring of the filtrate may be explained by two 
processes: tubes are shortened and cross the membrane, or the amorphous carbon is oxidised 
and the acidic functions created on it help for solubilisation. We observed that after each time 
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step, the colour of the filtrate was darker and finally after 24 h of treatment we found black 
acid solution containing short DWNT and amorphous carbon decomposition (TEM picture in 
Fig.III.3 (b)). 
 
 
Fig. III.30 : Picture of the  filtrate obtained after oxidation of raw DWNT by 
H2SO4/HNO3 (1:3) for (a) 1h, (b) 3h, (c) 6h, (d) 9h and (e) 24h. 
 
After filtration, the washed samples were investigated by TEM. After 3 h of oxidation 
(Fig.III.31 (a)) we found that the tubes surface was not covered by CFs and small amount of 
amorphous carbon was observed (arrow) around the tubes. Carbon-encapsulated metal 
nanoparticles are also visible. By increasing the time, we observed that the amorphous carbon 
was removed and after 24h (Fig.III.31 (d)) of oxidation the tubes were found to be amorphous 
carbon free.  
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Fig. III.31 : TEM pictures of conc.H2SO4/conc.HNO3 oxidised DWNT after (a) 3h,   
(b) 6h, (c) 9h and (d) 24h of oxidation.
 
 
- Raman study  
Raman spectroscopy is a valuable tool for the characterisation of carbon-based 
nanostructures. The D-band is usually attributed to the presence of amorphous carbon and 
defects in the structure of carbon nanotubes. The G-band originates from in-plane tangential 
stretching of the carbon-carbon bonds in graphene. HCl extracted DWNT have rather low 
ID/IG ratio (ID/IG= 0.13) due to the low level of defects in the carbon structure, so these 
samples can be used as a reference for the Raman studies of DWNT after oxidizing 
treatments. The ID/IG ratio obtained from Raman spectra after different acidic treatments are 
shown in Fig.III.32. It was observed that the increase in the ID/IG ratio strongly depends on the 
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treatment time. Conc. HNO3 is faster for the creation of defective structures than                 
3M HNO3. The ID/IG ratio obtained after 9 h of oxidation in conc. HNO3 (0.66) is larger than 
in the case of oxidation by 3M HNO3 for 24 h (0.69) and much bigger than oxidation in 
[conc.HNO3/conc.H2SO4] mixture for 24 h (0.08). The mechanism of oxidation of DWNT by 
[conc.HNO3/conc.H2SO4] mixture was found to be totally different than this observed for   
3M HNO3 and conc.HNO3 oxidation. Creation of defects was found only after 3h of treatment 
after which a decrease of the defects was observed.  
 
 
Fig. III.32 : ID/IG ratio of raw and of DWNT oxidised by different acids. 
 
The creation of defects on the structure of DWNT during opening by melted NaOH 
was also studied. The opened DWNT shows ID/IG ratio of 0.18 which is close to the ratio of 
the raw starting material.  
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III.3.2.1.2.2. Creation of amorphous carbon by other oxidants  
- TEM observations  
 
- Creation of amorphous carbon by KMnO4/H2SO4 
  
The level of CFs in the samples treated by KMnO4/H2SO4 was studied for different 
times of oxidation. The oxidation by KMnO4 in acidic solution was successfully used by 
Nagy et al. [163] who purified amorphous carbon impurities in samples of catalytically 
prepared MWNT; It was found that the best conditions for elimination of amorphous carbon 
were to use a 0.4M solution KMnO4 at 70°C. In order to eliminate the risk of destruction our 
DWNT, we used a less concentrated solution 0.012M KMnO4/1M H2SO4 but at reflux 
(130°C). Fig.III.33 shows that after 3h of treatment the tubes seem not to be attacked by the 
oxidising solution and there is not more amorphous C than in the raw DWNT. Some effect of 
creation of CFs was observed after 9h of oxidation (Fig.III.33 c)); finally, after 24h of 
treatment, the tubes were not covered by amorphous carbon debris but only agglomerated due 
to the chemical treatments (Fig.III.33 (d)).  
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Fig. III.33 : TEM and HRTEM pictures of KMnO4/H2SO4 oxidised DWNT after (a) 3h, 
(b) 6h, (c) 9h and (d) 24h of oxidation.
 
 
- Creation of amorphous carbon by K2Cr2O7/H2SO4 
We observed that after 3h of treatment by K2Cr2O7/H2SO4 (Fig.III.34 (a)) part of the 
tubes were already covered by amorphous carbon (decomposition product). The observation 
after 6h of oxidation revealed that all the tubes were coated and formation of dark thick 
islands of amorphous carbon on the tubes had started (arrow) (Fig.III.34 (b)). Finally after 24h 
of oxidation, the tubes were covered by thick dark layers of amorphous carbon coming from 
decomposition of the tubes and from the amorphous carbon initially present in the raw 
samples.  
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Fig. III.34 : TEM pictures of K2Cr2O7/H2SO4 oxidised DWNT after (a) 3h, (b) 6h, (c) 9h and 
(d) 24h of oxidation. 
 
- Raman study  
The creation of defects and functionalisation of DWNT is evidenced by the ID/IG ratio 
(Fig.III.35). In the two cases the increasing level of defects strongly depends on the treatment 
time. It has to be remarked that DWNT treated during 3 h in [KMnO4/H2SO4] solution show a 
lower ID/IG ratio (0.09) than in the raw DWNT (0.13) which can be explained by the removal 
of amorphous carbon after this short treatment time or may be not significant. The increase in 
treatment time (6, 9 and 24 h) increases the ID/IG ratio and the maximum ID/IG ratio of 0.24 
was obtained after 24 h of treatment. This ratio is lower than the ID/IG ratio obtained with all 
the other purification methods used. So, according to the Raman data from 3h of oxidation, 
the level of secondary produced amorphous carbon and the creation of defects in the DWNT 
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structure increased slowly. The very strong effect of [K2Cr2O7/H2SO4] on DWNT is 
evidenced by the ID/IG ratio of 0.4 which was obtained for already after only 3 h of oxidation. 
The maximum ratio of 0.8 was reached after 24 h of treatment, and is the highest level of 
defects between all of the purification methods described here. The TEM observation of the 
two samples is in full agreement with the Raman results.  
 
Fig. III.35 : ID/IG ratio of raw and oxidised DWNT by KMnO4/H2SO4 and K2Cr2O7/H2SO4. 
 
III.3.2.1.2.3.Conclusion 
 We found that the oxidation by HNO3 leads to creation of amorphous carbon coming 
from decomposition of the tubes and also amorphous carbon initially present in the material, 
which then covered the walls of the tubes as a thick layer. According to the TEM and Raman 
spectroscopy we can conclude that in case of opening of DWNT by conc. HNO3 the 
maximum of creation of amorphous carbon was reached at shorter time (9 h) than in the case 
of 3M HNO3 oxidation (24h). When a mixture of H2SO4/HNO3 was applied for 24h we 
observed inverse reaction of removal of the amorphous carbon from the samples evidenced by 
the decreasing ID/IG ratio and TEM pictures. The mixture of K2Cr2O7/H2SO4 was found to be 
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a very strong oxidant which creates high number of defects in the samples even for only 3 h 
of treatment (ID/IG = 0.4). The sample observed after 24 h of oxidation by this oxidant was 
found to be totally covered by the sticky debris containing a high number of defects       
(ID/IG= 0.8). 
 
III.3.2.1.3. Removal of amorphous carbon after opening by 3M HNO3 
Due to the creation of amorphous carbon decomposition during chemical oxidation of 
DWNT by 3M HNO3 and coating of the surface of DWNT, an additional purification 
experiment was performed. As it was explained earlier, the majority of the oxygen-containing 
groups are associated with molecular debris which are not removed from the samples by 
conventional treatments. An additional washing with an aqueous base solution or 
KMnO4/H2SO4 solution was investigated. 
 
- Methods  
 In order to remove the amorphous carbon impurities created by oxidation by 3M 
HNO3, we performed the following four experiments: 
 For each of the experiments we used 200 mg of raw DWNT which were oxidised for 9 
or 24h by 3M HNO3 at reflux.  
 
- Method 1(a) - The wet 3M HNO3 oxidized DWNT after 9h of reflux were not 
washed and directly separated in four samples each of them with a mass of 50 mg. Each of the 
samples was transferred into 40 mL of 4M NaOH solution. The samples were treated using 
one of the following conditions: 
- Bath sonication for 7 min at RT; 
- or bath sonication for 7 min at RT and stirring for 24h at room temperature; 
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- or bath sonication for 7 min at RT and reflux at 130°C for 24h; 
- or bath sonication for 7 min at RT and treatment in autoclave for 24h at 130°C. 
All of the samples were filtered and washed with deionised water (3x100 mL).  
 
- Method 1(b) - The wet 3M HNO3 oxidized DWNT after 24h of reflux were not 
washed and directly separated in two samples each of them with a mass of 100 mg. Each of 
the samples was transferred into 40 mL of 4M NaOH solution, sonicated for 7 min at RT and 
treated in: 
- reflux at 130°C for 24h; 
- autoclave for 24h at 130°C. 
 
- Method 2- The wet 3M HNO3 oxidized DWNT were not washed and directly 
transferred into a flask containing 200 mL of 0.012M KMnO4/1M H2SO4 solution. The 
suspension was treated at 130°C and after each time step (3, 6, 9 and 24h) a sample of 50 mL 
was taken.  
- Method 3- The product was first filtered and washed (3x100 mL H2O). In order to 
avoid the typical agglomeration after drying at 80°C, the tubes were suspended in 40 mL of 
ethanol and evaporated at 60°C for 30 min by rotating evaporator. The dried oxidised DWNT 
were transferred into silica boat and treated at 500°C in an open furnace. The product was 
placed in 15 mL of HCl (37%) and bath sonicated during 15 min. The suspension stayed 
overnight at room temperature and was then filtered, washed with deionised water and dried 
at 80 °C for 12 h. 
- Method 4 - The conditions of method 4 were the conditions used for opening of 
DWNT and described earlier in the text (III.2.1.2.2.2.1): treatment in presence of added Fe 
powder, 2 min of power heating @800W. 
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Each of the samples was filtered and washed with 3x100 of H2O. The samples were 
dried at 80°C overnight. 
 
- Results 
The mechanism of removal of the functionalised amorphous carbon debris by washing 
with base solution was first described by Rinzler et al. [139] and later applied by Green and 
co workers [140].  
Green and co-workers showed that the orange filtrate contains carbon fragments with 
COO- groups, due to the deprotonation of the functional groups, and making them more 
soluble in the basic aqueous solution. During the filtrations, we observed that, in all cases, the 
filtrate was orange coloured (Fig.III.36). 
 
 
Fig. III.36 : Picture of orange filtrate after washing of 3M HNO3 oxidised DWNT with 
4M NaOH. 
 
Fig.III.37 shows typical pictures of (a) raw DWNT and (b) oxidised DWNT by 3M 
HNO3 for 9h containing a big amount of amorphous carbon debris placed on the walls of the 
tubes. It is known [115] that carboxylated carbons are decomposition product of nitric acid 
oxidation of carbon material. Fig.III.37 (c) represents tubes washed with 50 mL of 4M NaOH 
solution with sonication during 7 min at room temperature. We observed that the tubes didn’t 
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contain amorphous carbon and the walls of the tubes were clean. The base solution reacts with 
the –COOH functional groups created by the acid oxidation located on the amorphous carbon 
debris. The functionalised debris were eliminated (washed away) by acid-base neutralisation 
and only non functionalised amorphous carbon remained in the sample (arrow). By increasing 
the time of nautralisation up to 24h (stirring at RT) we observed (Fig.III.37 (d)) that the tubes 
are not very different from these washed during 7 min by sonication. This means that the acid-
base reaction was rapid. We also studied the effect of the temperature of washing. Fig.III.37 
(e) shows that the tubes after washing for 24h at 130°C were also not different from the tubes 
washed for 7 min at RT. We observed few cut tubes and small amount of debris placed on the 
tubes. The final experiment was performed in order to study the function of the pressure 
during the washing at high temperature (130°C). Fig.III.37 (f)   represents TEM image of 
DWNT washed in autoclave at 130°C for 24h (P = 0.286 MPa). We didn’t observe any 
significant differences between the sample treated in reflux (Fig.III.38 (e)) and the samples 
treated at higher pressure in autoclave (Fig.III.38 (f)). 
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Fig. III.37 : TEM and HRTEM pictures of (a) raw DWNT and (b) 3M HNO3 oxidised DWNT 
for 9h followed by  washing with 4M NaOH  by (c)bath sonication at RT  for 7 min, (d) by 
stirring for 24h at RT, (e) by reflux for 24h and (f) by heating in autoclave at 130°C for 24h 
(Method 1(a)). 
 
The ID/IG ratio which gives information about the quality of the carbon structure was 
studied for the samples observed by TEM (Fig.III.38). After oxidation by 3M HNO3 for 9 h, 
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the ID/IG ratio increased from 0.13 for raw DWNT up to 0.28 which evidences the creation of 
defects and amorphous carbon impurities in the samples. After washing with 4M NaOH for   
7 min at RT, the ID/IG ratio decreased to 0.2. By increasing the time of washing up to 24h, the 
ID/IG value increased to 0.27. The ID/IG ratio obtained after washing by reflux at 130°C for 24h 
was found to be the same as that obtained in 7 min (0.2). So, the elimination of amorphous 
fragments may take only a few minutes. Increasing the pressure during the washing process 
was found to decrease the ID/IG ratio to 0.17. This is possible due to the better homogeneity of 
the treatment when done in autoclave.  
 
Fig. III.38 : Evolution of the ID/IG ratio of 4M NaOH washed DWNT after oxidation by 
3M HNO3 for 9h in reflux (Method 1a). 
 
 In order to determine the number of the functional groups in the samples, we 
performed acid/base titration on the starting raw DWNT, 3M HNO3 oxidised tubes for 9h at 
130°C and on tubes washed with 4M NaOH for 7 min by bath sonication. Fig.III.39 showed 
that after oxidation by 3M HNO3 for 9h, the number of functional groups increased from 0.9 
mmol/g to 3.73 mmol/g. After washing with 4M NaOH we observed that the number of the 
functional groups decreased to 2.3 mmol/g due to the elimination of functionalised CFs. 
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Fig.III.39 : Evolution of the number of carboxylic functional groups after oxidation by 3M 
HNO3 for 9h followed by washing with 4M NaOH (Method 1(a)). 
 
 In order to evidence the elimination of the –COOH functional groups created by the 
acid attack we performed IR spectroscopy investigations. As already described, we found that 
after oxidation by 3M HNO3 for 9h in reflux followed functional groups were created: at 1738 
cm-1 C = O; 1631 cm-1 C = C; 1461 cm-1 C = C; 1380 cm-1 C – H; 1052 cm-1 C – O; 964 cm-1 
C – H. After the washing with 4M NaOH we found only a presence of C=C (at 1631 cm-1) 
and C-H (at 1380 cm-1) functional groups (not shown). 
 Method 1(b) was performed in order to study the influence of the oxidation time in 3M 
HNO3 on the effect of 4M NaOH washing. After oxidation of the raw tubes (Fig III.40 (a)) by 
3M HNO3 for 24h we observed that the tubes were totally covered by amorphous carbon 
impurities (Fig.III.40 (b)). In comparison to the TEM of tubes oxidised by 3M HNO3 for 9h 
(Fig.III.38 (b)), DWNT oxidised for 24h contained more debris on their side walls. After the 
first washing with 4M NaOH solution was performed in reflux for 24h, we observed     
(Fig.III.40 (c)) that some of the tubes have clean surface but however the sample still contain 
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big amount of amorphous carbon visible in TEM as dark spots (arrow). We found that the 
level of amorphous carbon after 24 h in 3M HNO3 oxidation was still very important for the 
washing with 4M NaOH. In the case when the tubes were oxidised for shorter time (9h) the 
amorphous carbon was eliminated easier than when the tubes were oxidised for longer time 
(24h). According to the TEM (Fig.III.40 (d)) the washing with 4M NaOH in autoclave for 24h 
at 130°C seems to be the best conditions for elimination of the amorphous debris created after 
24h of 3M HNO3 oxidation. In this case the use of high pressure helped for increasing of the 
kinetic of acid-base reaction and as a result tubes with clean surface and only few isolated 
islands of amorphous carbon were observed.   
 
 
Fig. III.40 : TEM pictures of (a) raw DWNT oxidised with (b) 3M HNO3 for 24h followed by 
24h of 4M NaOH washing (c) in reflux or (d) in autoclave (Method 1(b)). 
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It is known from the literature [59] that treatment of DWNT by KMnO4/ H2SO4 leads 
to removal of amorphous carbon from the sample at very short time. Using method 2 we 
studied the influence of KMnO4/H2SO4  washing on tubes treated by 3M HNO3 for 24h which 
were covered by amorphous carbon debris. Fig.III.41 (a) represents a sample after treatment 
with KMnO4/H2SO4 solution during 3h. It was observed that the walls of the tubes are cleaner 
and in general the quantity of amorphous carbon is lower. By increasing the time of washing 
up to 6h (b) we observed that the tubes were secondary covered by debris generally placed 
between the DWNT. Finally, after washing for 9 and 24h (c) and (d) the amorphous carbon 
was attached to all the tubes and the observation of clean walls was not possible. 
It was shown [143] that, due to its high reactivity, the functionalised coating of 
amorphous carbon debris on the tubes can be successfully removed by oxidation in air 
(550°C, 30 min). Finally about 98 wt.% of the tubes were pure and amorphous carbon free. In 
our experiment, (Method 3) the tubes were first oxidised for 24h by 3M HNO3 in order to be 
opened and then oxidised in air at 500°C for 30 min. In Fig.III.41 (e) we can observe that 
after oxidation in air, there is no amorphous carbon anymore or any other impurity like metal 
catalyst nanoparticles. After this purification it seems that the diameter (ø) of the bundles is 
larger, as observed in the TEM picture and already described. The HRTEM shows that the 
walls of the tubes do not contain any debris. However, the air oxidation is a destructive 
method: after the heat treatment, about 90 wt. % of the samples was lost. 
The images of extracted tubes after the microwave treatment (Fig.III.41 (f)) show that 
the amorphous carbon was oxidised in a very short time (2 min) due to the very high 
temperature (located close to the melting point of Fe (1500°C)) of the process. We observed 
that the tubes formed bundles, which is typical also for tubes oxidised in air at 500°C. 
Fig.III.41 (f) also shows that the walls of the tubes were clean of the amorphous carbon and 
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only some small fragments remained on the surface. The loss of mass was 58%, which is less 
than in the case of oxidation in air where 90% of the samples was lost. 
 
Fig. III.41 : TEM and HRTEMpictures of 3M HNO3 oxidised DWNT for 24h followed by: 
washing with KMnO4/H2SO4 solution in reflux for (a) 3h, (b) 6h ,(c) 9h and (d) 24h,(e) 
oxidation in air at 500°C for 30 min and (f) microwave iron assisted purification for 2 min in 
800W (Method 2). 
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The ID/IG ratio of the samples observed by TEM was compared (Fig.III.42). We 
observed that the tubes oxidised by 3M HNO3 for 24h have ID/IG ratio of 0.40 which is bigger 
than those of the tubes oxidised for 9 h (ID/IG = 0.28) (Fig.III.39) as expected. After washing 
with 4M NaOH at 130°C in reflux or in autoclave the ID/IG ratio decreased respectively to 
0.32 and 0.21. It seems that the level of amorphous carbon in the starting material (samples 
after oxidation by 3M HNO3) has important influence on the level of the amorphous carbon 
after 4M NaOH washing.  
After washing by KMnO4/H2SO4 solution for 3h, we observed that the ID/IG ratio 
decreased dramatically to 0.12 which is similar to the ID/IG ratio of the raw tubes            
(ID/IG= 0.13). The same process of decrease in ID/IG ratio was observed after direct oxidation 
of raw DWNT by KMnO4/H2SO4 (Fig.III.35) for 3h. It seems that oxidation of the amorphous 
carbon debris by the permanganate was performed at very short time. We found that, by 
increasing the treatment time, the ID/IG ratio increased up to 0.33 after 24h of oxidation due to 
a secondary creation of amorphous carbon in the sample.  
The ID/IG ratio after the heat treatments of the oxidised DWNT showed elimination of 
defects. The ID/IG ratio of 0.4 decreased to 0.18, which is close to the ID/IG ratio (0.13) of raw 
DWNT. The Co and Mo nanoparticles have been totally removed (99 wt. % loss).  
The last method for elimination of amorphous carbon by microwave treatment seems 
to be the most efficient.  In this case the ID/IG ratio decreased to 0.08 which is the lowest 
between all used methods. 
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Fig. III.42 : Evolution of ID/IG ratio of raw and 3M HNO3 oxidised tubes followed by four 
different methods for elimination of amorphous carbon impurities.
 
 
 
- Conclusion 
 We found that the level of removed amorphous carbon after 4M NaOH washing 
strongly depends on the level of amorphous carbon impurities in the starting material (after 
3M HNO3 oxidation). The best condition in order to eliminate the amorphous carbon created 
by 3M HNO3 oxidation is by microwave iron assisted purification for 2 min at 800W, not so 
far from the treatment by KMnO4/H2SO4 for 3h (in terms of ID/IG ratio), although the TEM 
images show that the latter sample does not look as clean. 
 
III.3.2.2. Purification by gas phase oxidation   
III.3.2.2.1. Elimination of catalytic metal nanoparticles 
 During the opening of DWNT by oxidation in air or by treatment by microwaves we 
studied the process of elimination of the Co/Mo catalyst nanoparticles from the sample. Due 
to the pronounced pentagonal structure in the carbon shells which protect the metallic 
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nanoparticles they have reactivity properties that are close to that of the tips of the tubes. 
When the tips were oxidised, the carbon shells were also oxidised, letting out the unprotected 
metallic nanoparticles.  
Purification by air oxidation of DWNT containing Co catalyst nanoparticles was 
reported by Li et al. [126] who found that oxidation in air at a temperature of 400-650°C is 
not efficient to open the carbon shells which contain the metal nanoparticles. When the 
temperature was increased to 650-750°C the tubes were oxidised simultaneously with the 
carbon particles and it was concluded that this method is not efficient for purification of 
DWNT. Using our experimental conditions (500°C/30 min) we observed that the metal 
nanoparticles were unprotected and agglomerated which is an evidence that the carbon shells 
were attacked and opened (Fig.III.43 (a)). In order to dissolve them and to obtain only metal 
free tubes, the sample was treated by HCl (37%) (Fig.III.43 (b)). We observed that the sample 
contained only tubes which formed bundles. The elemental analysis showed that the total 
metal content of 4.6 wt.% for raw DWNT (Co= 3.4 wt.%; Mo= 1.2 wt.%) decreased to 542 
ppm for HCl washed air oxidised tubes (Co= 342 ppm; Mo= 200 ppm).  
 
  
Fig. III. 43 : TEM pictures of air oxidised DWNT at 500°C for 30min (a) before and (b) after 
washing with HCl (37%).  
 
(a) (b) 
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 The elimination of the metal catalyst nanoparticles by air oxidation was also evidenced 
by magnetic measurements. Fig.III.44 (a) shows the magnetisation saturation (Ms) of raw 
DWNT which contain 4.6 wt.% of metal. After the oxidation in air at 500°C for 30 min 
followed by HCl (37%) washing the Ms decreased dramatically to 0.004 emu/g showing 
hysteresis loop with weak superparamagnetic of ferromagnetic behaviour (Fig.III.44 (b)). The 
magnetic measurements are in agreement with the results of the elemental analysis of these 
samples.  
 
 
Fig. III.44 : Hysteresis loops of (a) raw DWNT followed by (b) oxidised in air at 500°C for  
30 min and treated by HCl (37%). 
 
 The microwave heating in closed SiC vessel is based on the heating properties of the 
carbon shell protected Co nanoparticles present in the sample after extraction. Our experiment 
was based on the simple experiment proposed by Prato et al. [281] where HIPCO carbon 
nanotubes with high content of catalyst iron nanoparticles (26 wt.%) were purified by 
microwaves: after only 20 min of treatment at 800 W followed by HCl washing, the Fe 
content decreased to 7 wt.%. In order to improve the heating during the treatment we used a 
SiC holder as an extra source of heating. The starting raw DWNT (Fig.III.45 (a)) containing 
total metal content of 4.6 wt.% (Co= 3.4 wt.%; Mo= 1.2 wt.%). After 10 min of microwave 
(a) (b) 
 144 
treatment (Fig.III.45 (b)) the tubes still contained metal nanoparticles and the results of the 
metal analysis confirmed this, giving a value of 3.8 wt.% (Co= 3.0 wt.% and Mo= 0.8 wt.%). 
We suppose that only the small catalyst nanoparticles were removed due to the higher heating 
activity in microwave field and that the larger particles remained in the sample. According to 
the literature [281], we suppose that microwaves can be efficient only for samples containing 
high percent of metal catalyst nanoparticles like for example in the case of HIPCO carbon 
nanotubes. 
 
  
Fig. III. 45: TEM pictures of (a) raw DWNT treated by (b) microwave in closed SiC vessel for 
10 min. 
 
 The use of the microwave treatment in the presence of additional iron powder did not 
allow the complete elimination of the residual metallic particles. Even when drastic conditions 
of HCl treatment are used, (37% HCl solution at 90°C during 1 to 24h), particles of Co, Mo 
and Fe remained in the sample (Fig.III.46 and Table III.2). Metal contents obtained for the 
sample washed for 24h by HCl are surprising and should be controlled again. 
(a) (b) 
 145 
 
Fig. III. 46 : TEM pictures of raw DWNT treated by microwaves using iron powder followed 
by purification in HCl for (a) 1h, (b) 3h (c) 9h and (d) 24h at 90°C. 
  
Table III. 2. Metal content (Co, Mo, Fe) of µ-wave treated samples after HCl washing for           
different times. 
Washing time 
 
(h) 
Co 
 
(wt.%) 
Mo 
 
(wt.%) 
Fe 
 
(wt.%) 
Total metal 
content 
(wt.%) 
0 3.4 1.2 - 4.6 
1 2.1 1.1 1.1 4.3 
3 2.2 1.1 0.9 4.2 
9 0.7 0.3 0.8 1.8 
24 2.6 0.6 0.2 3.4 
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The best conditions in order to obtained metal free sample of DWNT was found to be 
the oxidation in air at 500°C for 30 min. In this case the total metal content of the starting raw 
tubes decreased from 4.6 wt.% (Co= 3.4 wt.%, Mo= 1.2 wt.%) to 542 ppm (Co= 342 ppm, 
Mo= 200 ppm) after the oxidation in air followed by extraction with HCl (37%).  
 
III.3.2.2.2. Removal of amorphous carbon 
 Colomer et al. [118] used air oxidation in order to eliminate the amorphous carbon in a 
sample of MWNT. It was found that amorphous carbon free MWNT were obtained with 27% 
yield after 210 min of oxidation at 500°C. In our experiment we used the same temperature of 
oxidation but the time of oxidation was decreased to 30 min due to the lower resistance of 
DWNT. Fig.III.47 (a) shows a TEM image of raw DWNT containing big amount of 
amorphous carbon.  After oxidation in air (Fig.III.47 (b)), the sample was found free of 
amorphous carbon and we only observed tubes in large bundles. From a ID/IG ratio of 0.13 for 
raw DWNT was decreased to 0.05 after oxidation, evidencing that the defective amorphous 
carbon was eliminated from the sample, as could be expected from earlier work [127]. 
 We also studied the removal of the amorphous carbon by microwave treatment in 
closed vessel. After 10 min of microwave treatment at 800°C in a SiC vessel followed by 
washing in HCl (37%) we observed (Fig.III.47 (c)) that the content of amorphous carbon 
decreased dramatically due to the very fast oxidation in these conditions (63 % yield). The 
quality of the sample was studied by Raman spectroscopy. We found that the ID/IG ratio after 
microwave treatment for 10 min decreased to 0.05 which is identical to what was obtained 
after oxidation in air at 500°C for 30 min.  
 We finally studied the effect of elimination of the amorphous carbon during opening 
of DWNT by microwaves assisted by iron powder, following the conditions described in 
III.3.2.3.1. After only 2 min of microwave treatment (Fig.III.47 (d)) we observed that the 
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amorphous carbon was eliminated from the sample and only few remaining metal 
nanoparticles were observed. The ID/IG ratio was found to decrease from 0.13 for raw tubes to 
0.08 for microwave treated tubes. 
 
   
Fig. III. 47 : TEM picture of (a) raw DWNT followed by (b) oxidised in air for 30 min at 
500°C (c) microwave oxidation in air in closed vessel and (d) microwave iron assisted 
treatment for 2 min at 800W. 
 
Conclusion:  
The elimination of amorphous carbon of raw DWNT was observed after the three 
types of treatments (air oxidation, microwave treatment in closed vessel or by iron assisted 
heating). The lowest ID/IG values were observed in the case of air oxidation and microwave 
treatment in closed vessel where the ratio decreased from 0.13 for raw DWNT to 0.05. The 
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results of weight of loss after microwave treatment in closed vessel or by iron assisted 
treatment, respectively 63% and 58%, suggest that these two methods are more efficient than 
air treatment where the loss of mass was about 90%. However, the oxidation in closed vessel 
is a fast and promising method, but the oxidation in air is more useful for purification of big 
mass of DWNT. 
 
III.4. Secondary reactions during two-step opening - elimination of 
amorphous carbon  
 
III.4.1. Methods 
- Air oxidation in combination with 3M HNO3 oxidation (described in III.2.2.1.1.); 
- Oxidation by conc.H2SO4/conc.HNO3 (24h) followed by 3M HNO3 oxidation (24h)    
(described in III.2.2.2.1.). 
 
III.4.2. Results 
 As it was already described in the text (III.2.2.1), two-step opening of DWNT first by 
air oxidation followed by 3M HNO3 oxidation gives more opened and individual tubes. 
Fig.III.48 (a) shows a typical TEM picture of DWNT after oxidation in air for 30 min at 
500°C: the amorphous carbon in the sample was removed and only pure nanotubes in bundles 
with few open ends were observed. After the second oxidation in 3M HNO3 for 24h          
(Fig.III.48 (b)) we observed that the tubes had clean surfaces and no amorphous carbon debris 
was formed. It has to be pointed out that the creation of amorphous carbon debris 
functionalised with –COOH groups was typical of the 3M HNO3 oxidation of raw DWNT and 
this is not observed when the tubes were first oxidised in air. In general, during the oxidation 
of raw DWNT by 3M HNO3 the amorphous carbon was attacked first and secondary 
deposited on the surface of the tubes as functionalised debris. When the amorphous carbon is 
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first eliminated by air oxidation, the 3M HNO3 attacks only the tips of the tubes and creation 
of amorphous carbon debris was not observed. This also was evidenced by the Raman 
spectroscopy where ID/IG ratio of the air oxidised tubes (ID/IG = 0.05) was not changed after 
3M HNO3 oxidation for 24h.  
The oxidation by conc. H2SO4/conc. HNO3 for 24h was found to be a good method for 
opening and elimination of amorphous carbon in samples of DWNT. When second oxidation 
with 3M HNO3 was applied, we observed more open tubes and less catalyst metal 
nanoparticles (Fig.III.16). We studied also the evolution of the amorphous carbon after the 
second oxidation by 3M HNO3. Fig.III.48 (c) represents TEM picture of DWNT after 
oxidation by conc.H2SO4/conc.HNO3 where amorphous carbon was not observed. After the 
second oxidation by 3M HNO3 (Fig.III.48 (d)) the content of the amorphous carbon was not 
changed and the tubes were found to be without any debris. As it was already concluded, the 
creation of amorphous carbon debris placed on the surface of the tubes was created due to the          
3M HNO3 attack of the amorphous carbon contamination in the raw tubes. When this 
amorphous carbon was eliminated by the mixture of two oxoacids, the second oxidation by 
3M HNO3 did not create any functionalized debris. This fact was confirmed by the Raman 
spectroscopy where after the second oxidation by 3M HNO3 the ID/IG ratio rested almost the 
same (0.09) like after the first oxidation by the two oxoacids (0.08). 
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Fig. III.48 : TEM picture of (a) air oxidised DWNT followed by (b) 3M HNO3 oxidation for 
24h in reflux. and (c) conc.H2SO4/conc.HNO3 oxidised DWNT (24h) followed by (d) 3M 
HNO3 oxidation for 24h in reflux. 
 
The creation of functional –COOH groups after oxidation by in air followed by 3M 
HNO3 treatment was studied by acid-base titration (Fig.III.49). We found that after oxidation 
in air for 30 min at 500°C the number of functional groups decreased from 0.32 mmol/g for 
raw DWNT to 0.20 mmol/g. It can be explained by the decrease in the ID/IG ratio after 
oxidation in air and respectively decreasing number of active (defective) sides in the DWNT 
structure. After the second oxidation by 3M HNO3 for 24h at reflux the number of the 
functional groups increased to 1.00 mmol/g. It has to be mentioned that this value is two times 
lower than the number of the functional groups after direct oxidation of raw DWNT by 3M 
HNO3 for 24h (2.04 mmol/g) (Fig.III.19). The reason of it is that after air oxidation the tubes 
are free of amorphous carbon which decreases dramatically the number of the active sites in 
the sample and respectively the number of –COOH groups. In this case we suppose that the 
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functional groups are placed mainly on the tips of the tubes where sp3 hybridisation is more 
pronounced. 
 
 
Fig.III. 49 : Number of functional groups on raw DWNT followed by successive oxidation in 
air and 3M HNO3. 
 
 
III.5. General conclusion  
 
 We found that the best method for opening and shortening of raw DWNT is using 
oxidation by wet chemistry routes. The best wet chemistry method was found to be oxidation 
by conc. H2SO4/ conc. HNO3 (3:1) for 24h at 70°C after which more than 10% of the tubes 
were shortened up to 200 nm. The best “dry” method for opening of DWNT was the oxidation 
in air (500°C for 30 min) where open tubes placed in bundles were observed. However, the 
number of opened tubes was small and shortening was not observed. We found that secondary 
oxidation by 3M HNO3 for 24h after pre-opening by oxidation in air or by H2SO4/HNO3 
solution leads to an increase in the number of opened tubes. 
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 Using acid-base titration we found that oxidation by conc. HNO3 for 24h give the 
highest number of COOH functional groups (2.73 mmol/g). The same sample showed also the 
highest negative Zeta potential of -43 mV which is an evidence of the better stability in 
aqueous suspension. 
 We found that the faster method in order to eliminate some metal (Co/Mo) catalyst 
nanoparticles was by reflux in conc. HNO3 for 9h where 90% of the metals were removed. 
However, the best conditions in order to prepare metal free sample of DWNT was found to be 
the oxidation in air at 500°C for 30 min after which only 542 ppm of metal were present. 
 The best condition in order to eliminate the amorphous carbon created by 3M HNO3 
oxidation is by microwave iron assisted purification, for 2 min at 800W. 
 We found that the creation of amorphous carbon impurities after oxidation of raw 
DWNT by 3M HNO3 for 24h is due to the chemical reaction between the acid and the 
amorphous carbon initially present in the samples. 
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In this chapter we present a solution filling method of raw or pre-treated DWNT using 
different Fe precursors and liquid media. In general the filled DWNT were studied in order to 
be applied in bio-medicine and especially for hyperthermia cancer treatment. We performed 
two types of solution filling: filling of the tubes during the opening (One-step solution filling) 
and filling after pre-opening of the tubes (two-step solution filling). The two step filling was 
separated in two groups: short time solution filling where the time of treatment was up to 72 h 
and long-time solution filling where the filling time was increased up to 33 days. The short-
time filling was performed in two ways; by stirring at 80°C of a suspension containing 
DWNT and Fe precursor (FeCl3.6H2O) or uranium compound used for a control experiment 
and the second way of short-time filling was performed in an autoclave using ferrocene as a 
Fe precursor dissolved in toluene. 
 All the samples were characterised by metal elemental analysis which gives the 
possibility to study the filing yield of the tubes. Some of the samples were studied by TEM 
and HRTEM, EDX, Mossbauer spectroscopy as well as magnetic characterisations. 
 
 
IV.1. Filling from solution during opening (one-step filling) 
 
IV.1.1. Experiment  
In a typical experiment 50 mg of raw DWNT were transferred into a 0.17 M solution 
of Fe(NO3)3.9H2O/3M HNO3. The suspension was treated at reflux (130°C) for 3h. The next 
step was a filtration followed by washing with H2O (3x100 mL). The wet product was dried 
overnight at 80°C and then heated for 6h at 200°C in air (calcination). 
  
- Results 
 
 The sample was first studied by HRTEM (Fig.IV.1). The first observation of the filled 
tubes (Fig.IV.1 (a)) showed that the sample contains opened tubes but probably secondary 
closed by functionalised amorphous carbon debris created by the oxidation in 3M HNO3. In 
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the same picture we observed Fe placed outside of the tubes and attached to their walls. In the 
same sample (Fig.IV.1 (b)) we observed that some of the tubes were filled but according to 
the shape of the filling we suppose that it is with amorphous iron or iron compound. It is 
important to note that the Fe observed outside the tubes was a mixture of amorphous and 
crystallised clusters around the tubes (Fig.IV.1 (b)). The elemental analysis revealed a low 
filling yield of 0.5 wt.%  of Fe which was also evidenced by the HRTEM pictures. 
 
 
 
 
  
 
Fig. IV. 1 : HRTEM of raw DWNT filled by one-step solution filling in 3M 
HNO3/Fe(NO3)3.9H2O containing (a) opened tips secondary closed by amorphous carbon 
debris and (b) filling with non crystallised Fe clusters. 
(b) 
(a) 
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In order to understand what is the material introduced inside the tubes we used EDX 
analysis (Fig.IV.2). It has to be kept in mind that this method does not separate the 
information about the material outside or inside the tubes. The results showed that two metals 
were detected: Co and Fe.  Cobalt was probably detected coming from the residual catalytic 
nanoparticles. The Co was found to correspond to the highest content in the analysed area    
(59 wt.%) while the Fe was found to be 26.6 wt.% and the rest was C (Fig.IV.2). 
 
 
 
Fig IV. 2 : HRTEM picture and EDX analysis of DWNT filled from solution of         
3M HNO3/Fe(NO3)3.9H2O. 
 
The filled DWNT were also analysed by Mössbauer spectroscopy at room temperature 
(Fig.IV.3). Due to the doublet in the spectra we found that Fe was present in the sample as 
very small superparamagnetic (SPM) iron oxide (III) nanoparticles.  
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Fig IV. 3 : Mössbauer spectroscopy of filled DWNT prepared by one-step solution 
filling method in of 3M HNO3/Fe(NO3)3.9H2O. 
 
- Conclusion 
 
 The one-step solution filling of raw DWNT in solution in Fe(NO3)3.9H2O/3M HNO3 
was found to be an efficient method. The tubes were filled mostly with amorphous Fe 
compound and only small content of crystallised Fe compound was found outside the tubes in 
the form of small 5-10 nm nanoparticles. The Mössbauer spectroscopy evidenced the presence 
of superparamagnetic (SPM) iron oxide (III) nanoparticles. The rate of filling was 0.5 wt.% of 
Fe which is considered as low in comparison with filling from melted phases. 
 
IV.2. Filling from solution after opening (two-step filling) 
   
IV.2.1. Short-time filling from solutions at 80°C 
  
 
- Experiment 
 
 In a typical experiment 20 mg of pre-opened DWNT were used. For opening of the 
tubes we used the followed methods: 
- Method 1: Reflux at 130 °C in 3M HNO3 followed by oxidation in air at 500°C 
for 30 min;  
- Method 2: Treatment by NaOH in melted phase at 418°C for 2h; 
-  Method 3: Reflux at 130 °C in 3M HNO3 followed by 4M NaOH washing; 
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- Method 4: Treatment at 70°C in 3:1 vol. solution of [conc.(15M) HNO3:conc. 
(18M) H2SO4]; 
- Method 5: Oxidation in air at 500°C for 30 min. 
  As a control experiment, 20 mg of raw DWNT were also used. Each of these tubes 
were transferred into 7 mL of 0.25 mol.L-1 FeCl3.6H2O/conc.HNO3 (68%) or UO3/conc.HNO3 
(68%) solutions. The suspensions were ultra-sonicated in glass horn at 50% of the power of 
the setup and then stirred for 3 days at 80°C. Each of the suspensions was filtered and washed 
rapidly with 20 mL H2O. The wet powders were dried in vacuum overnight. Finally, only the 
samples filled with Fe were reduced in the following conditions (Fig.IV.4): 
- From RT to 110°C in Ar atmosphere at 1°C/min – extra drying of the samples; 
- From 110°C to 320°C in Ar at 5°C/min followed by dwell of 1h – Tfusion of FeCl3; 
- From 320°C to 650°C in Ar atmosphere at 5°C/min and dwell for 3h in H2 atm.         
(4 L/h) – reducing of the iron oxides present in the samples; 
- Cooling down to RT in Ar atm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            Fig IV. 4 : Thermal cycle of reduction of two-step filled DWNT from solutions. 
 
Ar 
Ar 
       H2 (4.5 L/h) 
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   90         42   60     66            180  (min) RT 
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- Results  
 
 
 Method 1- Our first study was focused on filling by FeCl3, using tubes treated by 3M 
HNO3 and then oxidised in air (method 1). The sample prepared by this method was studied 
only by X-ray powder diffraction. Fig.IV.5 compares the typical X-ray diffractograms of raw 
DWNT, followed by oxidation (opening and purification) in 3M HNO3 solution for 24h, and 
then by air oxidation for 30 min at 500°C and finally filled with Fe from solution and reduced 
in H2 (Fig.IV.4). The peak at 2θ ≈ 26° corresponds to graphitic layers present as nanotubes in 
the samples. The presence of Co catalyst nanoparticles was confirmed by the peaks at 44.1° 
(111). As it was already mentioned in chapter III the combined method for opening of DWNT 
by 3M HNO3 followed by oxidation in air removed ca. 100% of the metal (Co/Mo) catalyst 
nanoparticles from the sample. This was confirmed by the second pattern (Fig.IV.5 (b)) where 
only the presence of carbon was detected. Finally after filling with Fe and reduction in H2 
atmosphere (Fig.IV.5 (c)) the presence of Fe metal was detected, which means that the 
reduction in the described condition was performed successfully and no metal oxides was 
found. 
 
 
Fig IV. 5 : X-ray powder diffraction of (a) raw, (b) air oxidised and (c) Fe filled DWNT 
followed by reduced in H2 atmosphere (Method 1). 
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In general, the X-ray diffraction pattern of filled CNT gives information only about the 
phase of the inserted metal but not about the location of the metal (inside or outside the 
tubes). The only useful method in order to answer to this question as well as to study the 
filling rate of CNT is by HRTEM. We observed three different pre-opened samples filled with 
Fe and also in parallel we performed a control filling with U compound due to the high 
electronic contrast of U oxides, as proposed by Green and co-workers [203]. 
 Method 2- The two HRTEM pictures (Fig.IV.6 (a) and (b)) represent NaOH treated 
(opened) DWNT filled respectively with Fe (after reduction in H2) and U. The first picture 
shows open tubes without amorphous carbon debris neither on the surface nor on the tip of the 
tubes. We observed that the opened tubes contained small fragments of probably non 
crystallised material (arrow). In general, Fe introduced into the empty cavities of CNT was 
hard to observe due to the low contrast. The filling was observed only when the tubes were 
individual and opened. The control experiment with U compound (Fig.IV.6 (b)) clearly 
showed that the tubes were filled with small fragments of crystals placed inside the DWNT. 
We observed that U compounds formed well ordered small crystal clusters with average 
length from 6 to 11 nm (arrows), giving a nice illustration that this method is efficient for 
solution filling of DWNT.  
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Fig. IV. 6 : HRTEM pictures of DWNT prepared using Method 2 and filled with (a) Fe (after 
reduction in H2) and (b and b1) with U compound from solution. 
 
(a) 
(b) 
(b1) 
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Method 3- In the second case (Fig.IV.7 (a) and (b)) DWNT opened by 3M HNO3 
treatment and washed with 4M NaOH solution were filled respectively with Fe (HRTEM after 
reduction in H2) and U compound. In the first two HRTEM pictures (a) we observed that Fe 
was crystallised after the reduction in H2 atmosphere (650°C) but it was located outside of the 
tubes placed probably between the individual tubes which formed bundles. In Fig.IV.7 (a1) 
we saw that Fe crystals with length of 7-8 nm were placed at the open tip of DWNT. 
According to the thickness of most of the crystals (5-7 nm) we supposed that probably due to 
the high reduction temperature of 650°C in H2 atmosphere the Fe clusters went out from the 
empty cavities of the tubes. In Fig.IV.7 (a2) we observed that the tubes formed large bundles 
containing many small Fe crystals. A control experiment was again performed with U 
(Fig.IV.7 (b)) leading to similar observations. 
 
 
     
Fig. IV. 7(a): HRTEM pictures of  DWNT prepared using method 3 and  filled with (a,a1,a2) 
Fe from solution. 
 
(a2) 
(a1) 
(a) 
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Fig. IV. 7(b) : HRTEM pictures of  DWNT prepared using method 3 and  filled) U compound 
from solution. 
 
 
Method 4- We performed also filling experiment with Fe and U of tubes opened by a 
mixture of H2SO4/HNO3 for 24h (Fig.IV.8). In comparison, the sample filled in the same 
conditions with Fe showed no evidence of filling (Fig.IV.8 (a)), while in the case of U that the 
tubes were clearly filled (arrow) (Fig.IV.8 (b)). We observed that almost all of the tubes were 
filled with very small U clusters with average length of 1-2 nm. The advantage of the filling 
control with uranium compound is not only the good contrast during the HRTEM 
observations but also that the crystals were formed without any calcinations, avoiding the 
influence of the high temperature treatments.  
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Fig. IV. 8 : HRTEM pictures of  DWNT prepared using method 4 and  filled with (a) Fe or (b) 
with U compound from solution. 
(a) 
(b) 
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Method 5 dealing with filling with Fe and U after air treatment of DWNT at 500°C 
was characterised only by the metal content of the final samples (Fig.IV.9). 
 
We analysed the metal content for each of the samples filled with Fe and U            
(Fig.IV.9). The results showed that in almost all cases the filling with U compound gave 
higher metal content than the tubes filled with Fe. Different filling rate were obtained 
depending on the opening procedure. The results showed that when the tubes were opend by 
3M HNO3 followed by air oxidation the Fe content was 1.0 wt.% while the U content was 1.8 
wt.%. As it was already described in the chapter III, the oxidation of DWNT by 3M HNO3 for 
24h in reflux leads to the creation of a high proportion of short and opened tubes coated by 
debris and when the second heating by oxidation in air was applied, the tubes were cleaned 
form the amorphous carbon debris. When the tubes were pre-opened by melted NaOH or by 
3M HNO3 oxidation followed by 4M NaOH washing, the metal content for both metals was 
similar (Fe= 0.6 wt.% and U= 1.2 wt). The highest filling yield was obtained after pre-
treatment of DWNT by H2SO4/HNO3, which normally gives amorphous free and short 
nanotubes. After the filling of these tubes with U compound and Fe the filling yield was found 
to be the same for the two metals (2.2 wt. %). The high filling yield obtained was probably 
due to the high number of opened tubes and also due to the low level of amorphous carbon 
impurities. After oxidation by air at 500°C for 30 min, the filling yield is low (Fe= 0.4 wt.% 
and U= 1.3 wt.%) probably due to the formation of large bundles which disturbed the filling 
possibly by limiting the access. 
  We observed that after solid NaOH treatment the tubes were not shortened which 
probably means that not all of the tubes were opened. The washing with 4M NaOH after 
opening by 3M HNO3 was efficient, but not enough in order to remove all the functionalised 
debris from the tips and the walls of the tubes. 
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However, the filling rate using this short time method usually gives low filling rate. 
Any further examination of these samples in order to be applied for hyperthermia treatments 
is expected to give negative results due to the very low Fe content in the tubes. 
 
 
 
Fig. IV. 9 : Evolution of the Fe and U content in the samples of filled DWNT after different 
pre-treatments.  
 
 The magnetic properties of Fe filled DWNT were studied for the sample which was 
first oxidised in air at 500°C for 30 min and then filled with Fe from FeCl3.9H2O/conc.HNO3 
solution. Fig.IV.10 (a) represents the Hysteresis loop of metal free DWNT after oxidation in 
air where paramagnetic behaviour was observed. After the filling process followed by 
reduction in H2 atm. the magnetisation saturation (Ms) increased up to 0.2 emu/g 
corresponding to the presence of Fe in the samples. According to the magnetic properties of 
C- encapsulated Fe nanoparticles for hyperthermia application, described in chapter V, the Ms 
of Fe filled DWNT can be considered as a very low and not efficient for hyperthermia 
application. 
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Fig. IV.10: Hysteresis loops of (a) DWNT oxidised in air followed by (b) filling in 
FeCl3.9H2O/conc.HNO3 solution for 3 days at 80°C. 
 
 
- Conclusion 
 
 Due to the low contrast of Fe, the HRTEM observations didn’t show any clear 
evidence of the presence of iron metal inside the tubes while the control experiment solution 
filling with U performed in the same conditions definitely confirmed filling inside the tubes. 
The highest filling yield was obtained for the sample pre-treated by conc.H2SO4/conc.HNO3 
where the Fe and U content were found to be the same (2.2 wt. %). In all other cases the 
filling yield of U filled DWNT was higher (from elemental analysis). 
 
IV.2.2. Room temperature long-time filling from solutions 
 
IV.2.2.1. Solution filling 
 
IV.2.2.1.1. The influence of the pre-treatment on the filling yield  
 
- Experiment 
 In a typical experiment 100 mg of raw, 3M HNO3 treated (24h reflux) or 
conc.H2SO4/conc.HNO3 (1h. at 70°C) treated DWNT were transferred into 40 mL of 7.6 M 
Fe(NO3)3.9H2O in 3M HNO3 and ultrasonicated for 20 min in glass horn (50% of the power). 
The three suspensions were stirred for 14 days at 45°C. The samples were filtered and washed 
(a) (b) 
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rapidly by 3M HCl (20 mL) and H2O (40 mL). The wet filled tubes were dried in vacuum 
overnight and then heated in air for 6h at 200°C in order to decompose the nitrate to the 
oxide. 
 
- Results 
 
 We performed HTREM observations of filled raw DWNT presented in Fig.IV.11. We 
found that even without any procedure of pre-opening of the tubes some amorphous-like 
filling was observed. In general the surface of the individual tube imaged on the picture was 
clean and only small fragments of amorphous carbon debris were observed. If we compare the 
two areas marked by black arrows we can see that the contrast is different in the two places 
and in the left side the tube is partly empty while in the right side the tube looks filled. In 
these conditions of filling, the lack of functionalised debris on the surface makes the 
observation easy.  
 
 
Fig. IV. 11 : HRTEM picture of raw DWNT filled from Fe(NO3)3.9H2O solution after 
calcination in air (6h @ 200°C). 
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The evolution of the Fe content of the three different filled samples is presented in   
Fig.IV.12. We found that the raw filled DWNT contained 0.4 wt.% of Fe which is almost the 
same content as after filling of  3M HNO3 pre-opened DWNT (0.4 wt.%). It seems that the 
creation of big amount of functionalised amorphous carbon during the oxidation by 3M HNO3 
closed the opened tips of the tubes and finally no improvement of the filling yield was 
obtained. When the tubes were pre-opened by oxidation in H2SO4/HNO3 oxoacids mixture for 
1h at 70°C, the filling yield increased up to 0.8 wt.%  probably due to the low level of 
amorphous carbon after the acidic treatment. 
  
 
 
Fig. IV. 12 : Evolution of the iron content of raw, 3M HNO3 and H2SO4/HNO3 oxidised tubes 
filled from 3M HNO3/Fe(NO3)3.9H2O solution. 
 
- Magnetic characterisation 
 
 In order to study the potential biomedical application of the Fe filled DWNT for 
hyperthermia cancer treatment we studied the magnetic properties of three samples: raw 
DWNT, followed by 24h oxidation with 3M HNO3 and finally filled in concentrated water 
solution of Fe(NO3)3.9H2O. Fig.IV.13 shows that the raw tubes have saturation magnetisation 
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(Ms) of 2.3 emu/g which is due to the presence of the Co catalyst nanoparticles in the initial 
sample. After the oxidation by 3M HNO3 the magnetisation decreased two times to 1.1 emu/g 
which indicated that part of the catalyst metal nanoparticles were removed from the sample. 
After filling with Fe of the purified sample we observed that the Ms increased up to 1.4 
emu/g. With this low magnetisation it’s hard to give any conclusions but we suppose that the 
difference in the Ms is due to the low homogeneity of the purified sample and not especially 
due to the filling.  
 
 
 
Fig. IV. 13 : Hysteresis loops of raw, 3M HNO3 oxidised and filled DWNT from solution. 
 
 
- Mössbauer spectroscopy 
  
 The sample of filled DWNT after opening by 3M HNO3 oxidation was also studied by 
Mössbauer spectroscopy (Fig.IV.14). The obtained results showed a very low adsorption of 
Fe3+ at room temperature and only a large peak of adsorption was obtained without indication 
of any SPM particles.  
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Fig. IV. 14 : Mossbauer spectroscopy of 3M HNO3 pre-treated DWNT filled with Fe from 
solution. 
 
- Conclusion 
 The highest filling rate of 0.8 wt.% was obtained for DWNT pre-treated by 
conc.H2SO4/conc.HNO3 oxidation and filled from 3M HNO3/Fe(NO3)3.9H2O solution for    
14 days at 45°C. The tubes were filled with amorphous-like Fe. The Mössbauer didn’t show 
any evidence for the presence of Fe3+ in the sample.  
 
IV.2.2.1.2. The influence of the liquid media on the filling yield of H2SO4/HNO3 pre-treated 
DWNT  
 We compare here the influence of the nature of the solvent: water, 3M HNO3 or conc. 
HNO3. 
- Experiment 
 In a typical experiment, 100 mg of raw DWNT were transferred into 200 mL of 
conc.H2SO4/conc.HNO3 (1:3) solution and treated for 1h at 70°C. The oxidised tubes were 
filtered, washed with 3x100 H2O and transferred into 40 mL of three different 9M iron 
solutions: 
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- FeCl3.6H2O  in conc. HNO3; 
- FeCl3.6H2O in 3M HNO3; 
- FeCl3.6H2O in H2O. 
Each of the suspensions containing 100 mg of opened DWNT was ultrasonicated for      
20 min in glass horn (power 50%). The suspensions were stirred for 14 days at 45°C. The 
samples were filtered and washed first with 20 mL of 3M HCl followed by 40 mL of H2O. 
Finally the wet products were dried in vacuum overnight and then heated for 6h at 200°C in 
air. 
 
- Results  
The first step of our study of the Fe filled H2SO4/HNO3 pre-treated samples was to 
identify the nature of the metal compound inside the tubes. In Fig.IV.15 we show the X-ray 
diffraction patterns of two samples first opened by H2SO4/HNO3 for 1h and filled with Fe 
from H2O/FeCl3.6H2O (Fig.IV.15 (a)) or from conc. HNO3/ FeCl3.6H2O (Fig.IV.15 (b)) 
solutions. In the two cases we observed the absence of peak corresponding to some form of Fe 
and only Co catalyst nanoparticles were detected. The reason of lack of Fe phase can be due 
to the absence of metal outside the tubes. In this case, the signal of the iron phase would be 
very low in our experimental conditions and no detection would be observed. It has to be 
noted that during the opening in H2SO4/HNO3 for 1h at 70°C the Co catalyst nanoparticles 
were not removed from the sample evidenced by the presence of Co peaks in the X-ray 
diffraction pattern (see also Chapter 3).  
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Fig. IV. 15 : X-ray powder diffraction of H2SO4/HNO3 pre-treated DWNT filled with Fe 
from (a) H2O/FeCl3.6H2O and (b) conc. HNO3/FeCl3.6H2O solution, after treatment in  
air @ 200°C for 6h. 
  
 
The filling yield of the three filled samples was analysed. Fig.IV.16 shows that when 
the tubes were filled in conc. HNO3/FeCl3.6H2O the filling was 5.7 wt.%, which is the highest 
Fe content presented until now. When HNO3 was diluted to 3M we observed that the filling 
yield decreased to 1.2 wt.% which was also observed for the previous samples filled with Fe. 
We found that the samples filled in 3M HNO3 contained a lower amount of Fe, which we 
could not explain in terms of experimental protocol. Unusual high Fe content (5.5 wt.%) was 
observed after filling in aqueous solution of  FeCl3.6H2O. In this case the type of solvent 
containing FeCl3.6H2O didn’t play any role on the filing yield. We suppose that the            
pre-treatment by H2SO4/HNO3 which usually gives amorphous carbon free DWNT without 
secondary closing of the tips increased the filling yield not only in case of the aqueous 
solution but in general in all the samples.  
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 The pre-treatment of the CNT by conc.H2SO4/conc/HNO3 at 70°C for 1h only is 
different from has been described previously (usually 24h) but it is difficult to explain how it 
may have in influenced these experiments. 
 
 
 
Fig. IV. 16 : Evolution of the Fe content in H2SO4/HNO3 pre-treated DWNT filled 
from different solutions. 
 
The two samples with the highest metal contents were imaged by HRTEM (Fig.IV.17 
(a) and (b)). During the observations of these samples we didn’t see Fe located outside of the 
tubes which means that the washing procedure with HCl was efficient. In both cases we 
observed that the all the tubes were Fe filled but metal crystallisation was not observed. It was 
also observed that the tubes were opened which probably increased the filling yield in these 
two samples. 
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Fig. IV. 20 : HRTEM pictures of H2SO4/HNO3 pre-treated DWNT filled with Fe from 
(a) conc. HNO3/FeCl3.6H2O and (b,c) 3M HNO3/FeCl3.6H2O solution.  
 
 
- Conclusion 
 The pre-treated DWNT by conc.H2SO4/conc.HNO3 mixture followed by filling from 
conc.HNO3/FeCl3.6H2O solution for 14 days at 45°C  showed unusual high Fe filling yield of 
5.7 wt.% especially when compared to the results of long-time filling experiment performed 
(c) 
(a) 
(b) 
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in the same media. Most of the tubes were found with opened ends filled with amorphous Fe 
placed along the internal DWNT walls. The X-ray data of the filled samples didn’t show 
peaks corresponding to Fe phase which is probably due to the amorphous nature of Fe. 
 
IV.2.2.2. Solution filling of DWNT followed by reduction in H2 atmosphere 
 
- Experiment 
 
 The long-time filling from solution was performed using raw and four different types 
of pre-treated DWNT: 
- Air treatment; 
- Air treatment followed by 3M HNO3 oxidation; 
- Treatment by 3M HNO3 followed by air oxidation; 
- Treatment by 3M HNO3 followed by washing with 4M NaOH solution. 
For each sample 50 mg were transferred into a 9 M solution of: 
- FeCl3.6H2O in conc. HNO3 (68%); 
- FeCl3.6H2O in 3M HNO3; 
- FeCl3.6H2O in H2O. 
The suspensions were ultrasonicated in glass horn for 20 min at 50% of the power and 
then stirred for 33 days at room temperature. The suspensions were filtered and washed 
rapidly with 20 mL of 3M HCl followed by washing with 20 mL of H2O. The samples were 
dried in vacuum overnight. Each powder was reduced in H2 atmosphere at 650°C for 3h 
(Fig.IV.4) 
 
- Results 
 We performed long-time filling of 33 days by stirring in order to increase the filling 
yield in comparison to the short-time filling. Jorge et al. (2008) have reported the opening of 
DWNT in 2M HNO3 by reflux for 30 h followed by filling with ferromagnetic Fe from a 
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concentrated iron (III) chloride solution [78]. Ferromagnetic nanowires with length between 
50 and 100 nm were observed in the resulting product. In our work we studied the filling 
properties of three types of solutions containing FeCl3.6H2O precursor: acidic solution, 
diluted acidic solution and neutral (water) solution. The different wetting properties of these 
three solutions were studied for four different types of pre-treated tubes. 
The main reason to choose these three types of solutions is that FeCl3.6H2O is well 
soluble in them and a high concentration of 9M could be easily reached. According to the cut-
off value of 200 mN/m which is the border between wetting and non wetting we supposed 
that the three used solution would wet well the tubes due to their low surface tension (Nitric 
acid 43 mN/m, water 72 mN/m and diluted nitric acid between the two).  
The washing of the samples after filling is one of the most important steps in the 
preparation of the samples. In order to eliminate the metal which was not introduced into the 
tubes but just deposited outside, we first performed washing with 3M HCl. The function of 
the diluted acid is to remove only the Fe located outside the tubes and in the same time not to 
dissolve the filling inside the tubes. Fig.IV.18 shows four different samples of filled 
nanotubes washed with 3M HCl after the filtration. The first TEM picture (Fig.IV.18 (a)) 
represents long-time filled raw DWNT which contains big content of amorphous carbon but 
metal outside the tubes was not observed. The next two samples (Fig.IV.18 (a) and (b)) show 
respectively DWNT oxidised in air and tubes first oxidised in air and then treated by 3M 
HNO3. In the two cases Fe was not observed but only small fragments of amorphous carbon 
which were not removed from the samples (arrows). According to the TEM observation and 
the Fe content of these two samples we can mention that the Fe seems to be present only as a 
filling inside the tubes but however the filling yield is rather low (respectively 0.3 wt.% and            
0.4 wt.%). The last TEM picture (Fig.IV.18 (d)) represents a sample of filled DWNT after 3M 
HNO3 oxidation followed by oxidation in air. We observed the presence of Fe nanoparticles 
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with an average diameter of 100 nm outside the tubes, formed during the reduction at high 
temperature in H2 atmosphere.  
According to the TEM observations we can conclude that rapid washing with 3M HCl 
is a useful method and mainly the metal outside the tubes was removed.  
  
 
 
                  Fig. IV. 18 : TEM images of (a) raw (b) air oxidised (c) air/3M HNO3 oxidised and(d) 3M 
HNO3/air oxidised DWNT filled from diluted acidic solution of FeCl3.6H2O. 
 
 
 We studied the influence of the pre-treatment of DWNT and of the type of solvent on 
the metal content in the samples. We observed that the raw and air oxidised tubes filled from 
conc.HNO3/FeCl3.6H2O solution showed lower filling yield (respectively 0.6 and 0.4 wt.%) 
than the tubes opened by combination of two methods which showed filling yield of 1.3 wt.% 
(a) (b) 
(c) (d) 
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for both samples. These results are in agreement with these obtained for tubes filled for a 
short-time (Fig.IV.9) where the highest metal content was obtained for tubes pre-treated by 
combination of two methods of oxidation (3M HNO3/air oxidation). It is very important to 
note that the filling yield after long-time treatment in conc. HNO3 media is strongly related to 
the method of opening. When the tubes were previously oxidised in air we observed that the 
percentage of the opened tubes was very low and respectively the filling yield was also low, 
just a little bit higher than in case of raw DWNT. In the third case the higher obtained filling 
yield is due to the removal of the amorphous carbon from the raw samples by the oxidation in 
air followed by the efficient opening by 3M HNO3, as thus combination finally gave DWNT 
opened and free of amorphous carbon impurities. When the tubes were filled using diluted 
acidic (3M HNO3) FeCl3.6H2O solution (Fig.IV.19) the yield of filling was a bit different than 
in the case of the tubes filled in conc.HNO3/FeCl3.6H2O solution. The filling yield in the first 
three cases showed that the highest Fe content was obtained for the raw DWNT                  
(Fe= 1.0 wt.%). We supposed that some of the metal outside of the tubes was not removed by 
the 3M HCl and probably was not possible to be observed by the TEM (Fig.IV.18 (a)). The 
higher iron content (Fe= 1 wt.%) was obtained for tubes opened by 3M HNO3 and purified by 
oxidation in air, which was already described as a very efficient pre-treatment method for 
filling from solution. The effect of the pre-treatment on the filling yield was studied also for 
two other samples which were filled in water solution of FeCl3.6H2O. We observed that the 
tubes opened only by air oxidation showed lower filling yield after 33 days of stirring (Fe= 
0.4 wt.%) than the tubes oxidised by air and then opened by 3M HNO3 treated for the same 
time (Fe= 1.1 wt.%).  
 In general from the obtained results in Fig.IV.19 we observed that the filling yield of 
the samples filled in conc.HNO3/FeCl3.6H2O media gave higher Fe content than when the 
media contained diluted 3M HNO3. We suppose that during the long period of filling          
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(33 days) even at room temperature the conc. HNO3 probably attacks the non opened tips of 
the tubes and enhances the filling. Another reason could be the difference in the wetting 
properties as conc. HNO3 has a lower surface tension than the diluted 3M HNO3.  
 
 
Fig. IV. 19 : Evolution of the Fe content of different pre-treated DWNT filled from 
concentrated or diluted acidic solution of FeCl3.6H2O. 
 
 
 The magnetic properties after filling with Fe were studied for the DWNT first oxidised 
in air and then filled from FeCl3.9H2O/conc.HNO3 or FeCl3.9H2O/3M HNO3. Fig IV.20 (a) 
shows a typical Hysteresis loop of DWNT oxidised in air which do not contain metal catalyst 
nanoparticles. After the long time filling followed by reduction in H2 atm. in the two cases 
(Fig.IV.20 (b)) the magnetisation saturation increased respectively up to 0.17 emu/g for 
samples filled in FeCl3.9H2O/3M HNO3 solution and 0.5 emu/g for the 
FeCl3.9H2O/conc.HNO3 filled tubes. The magnetic characterisations are in good agreement 
with to the elemental analysis of these two samples (Fig.IV.12), where the samples with the 
higher filling yield showed higher saturation magnetisation. 
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Fig. IV.20 : Hysteresis loops of (a) air oxidised DWNT followed by (b) long time filling in 
solution with 3M or conc.HNO3. 
 
- Conclusion 
 
 We observed that when the Fe precursor is dissolved in conc. HNO3 the Fe filling rate 
was higher than when the solvent was diluted 3M HNO3. The highest filling rate                
(Fe= 1.3 wt.%) was obtained for two samples of pre-treated DWNT by 3M HNO3/air 
oxidation and air/3M HNO3 oxidation and then filled from conc. HNO3/FeCl3.6H2O solution 
after 33 days of stirring at RT. It was found that rapid washing by 3M HCl is an efficient 
method in order to remove the Fe located outside the tubes. However, the filling yield after 
this long-time filling was considered as low in comparison to the other methods for filling 
(from melted phases or in-situ filling). It seems that the duration of the filling does not 
improve significantly the filling rate.  
 
IV.3. Filling from ferrocene 
 
 
- Experiment 
 
In a typical experiment 50 mg of raw DWNT were transferred into 40 mL of 0.54M 
Ferrocene solution in toluene. The suspension was ultrasonicated in glass horn for 20 min in 
50% of the power of the setup. Then the well homogenised suspension was placed into an 
(a) 
(b) 
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autoclave and treated at 170°C for 48h (P= 5.7 bar). The suspension did not precipitate and it 
was filtered. The product was dried at 80°C overnight. The dried powder was washed with 20 
mL HCl (37%) in order to remove the metal placed outside the tubes and finally washed 
quickly with 20 mL of H2O to eliminate the acid. The sample was dried in vacuum at 130°C 
in order to eliminate all the presence of toluene and water. 
 
- Results  
Fig.IV.21 (a) shows that the individual DWNT were filled with an amorphous phase 
of ferrocene molecules due to the non performed reduction after filling. Importantly, 
ferrocene molecules were found to be confined well along the inner wall of the DWNT, which 
is good indication that they were encapsulated inside the tubes. The filling yield was 
estimated to be more than 90% (ratio of filled to non filled DWNT) according to 20 HRTEM 
images. Our results were compared to the results obtained by Li et al [283]. DWNT were 
filled with ferrocene from melted phases at 180°C for 48h and finally annealed in vacuum at 
700°C for 30 min when ferrocene molecules decomposed and transformed into Fe atoms 
inside DWNT. Fig.IV.21 (b) shows the observation of Li et al who found only amorphous 
ferrocene filled tubes, which looks very similar to our results. The elemental analysis of our 
samples showed 8 wt.% of Fe inside the samples.  
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Fig. IV. 21 : HRTEM pictures of raw DWNT filled with ferrocene (a) in autoclave and (b) 
from melted phase reproduced from ref. [283]. 
 
- Conclusion  
We found that filling in autoclave of raw DWNT in ferrocene/toluene solution gives 
high filling yield up to 90% (from TEM images). Because of the high filling rate obtained 
after this filling (Fe= 8 wt.%) this method can be compared to the filling from melted phases 
where usually the yield of filling is high. 
 
IV.3. General conclusion 
 In comparison to the other methods of filling (from melted phase or in-situ filling), we 
found that in general the solution method for filling of DWNT gives rather low filling yields 
(up to 8 wt.% maximum). The yield of filling was found to be depending much more on the 
pre-treatment of the tubes than on the duration of the experiment. The highest filling yield 
(apart from autoclave treatment) was obtained for tubes pre-treated by a mixture of 
H2SO4/HNO3 for 24h and then filled from FeCl3.6H2O.conc.HNO3 solution (Fe= 2.2 wt. %). 
(a) (b) 
 183 
The control experiment of short-time filling with U evidenced that it was crystallised inside 
the tubes while in case of Fe filling only amorphous material with low contrast could be 
observed. The maximum filling yield (8 wt.%) between all the filled samples was obtained for 
ferrocene/toluene autoclave filled raw DWNT which is comparable to the samples filled with 
ferrocene from melted phase. The reduction of the filled DWNT in H2 atm. for 3h at 650°C 
was found to be suitable conditions in order remove all the oxides from the sample. Due to the 
usually very low filling yield obtained by solution filling, no further study of their potential 
bio-applications for hyperthermia cancer treatment was possible. 
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V.1. Introduction 
 
 
We know from previous work by Flahaut et al. [220] that in order to synthesize 
carbon-encapsulated metal nanoparticles, it is necessary to improve the in situ formed 
nanoparticles with the minimum required amount of carbon. It is thus first important to form 
nanoparticles as small as possible. This can be done by different ways: using catalyst with a 
low metal content (substitution ratio), limiting the temperature, limiting the reduction power 
of the CCVD atmosphere (by using either pure N2 to prevent any reduction during the heating 
step, or by diluting H2 in N2), and finally limiting the dwell time. These four parameters shall 
orient the CCVD in the same direction. However, using all parameters in the most limiting 
conditions is likely to prevent any reaction. As the combined effects of the parameters are 
difficult to forecast, the initial part of this work has been rather empirical (although based on 
previous experience). For example, working longer in less reducing atmosphere at low 
temperature is similar to working a shorter time in a more reducing atm. at the same 
temperature, or in even shorter time at a higher temperature. It is also likely that in most cases 
when conditions where carbon-encapsulated metal nanoparticles (we investigated the most-
common transition metals, Fe, Co and Ni, and some binary alloys) could be formed, either 
CNT or carbon nanofibers may also be formed as a by product when too much carbon source 
(CH4) is available. Our work here will also be to limit as much as possible the formation of 
such species, at least these containing no encapsulated metal. 
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V.2. Preparation and characterization of Mg1-xMxO (M= Fe, Co, Ni, Co/Fe) 
catalysts  
 
V.2.1. Combustion synthesis of Mg1-xMxO (M= Fe, Co, Co/Fe or Ni) catalysts  
The solid solutions of Mg1-xMxO (M= Fe, Co, Co/Fe or Ni) were prepared by ureic 
combustion method in the presence of metal nitrates or chloride. The metal nitrates 
(Mg(NO3)2·6H2O, Co(NO3)2·6H2O, Fe(NO3)2·6H2O) or metal chloride (NiCl2·6H2O) and urea 
were mixed in stoichiometric proportion together with deionised water. The stoichiometric 
composition of the redox mixture was calculated using the total oxidising and reducing 
valency of the metal nitrates/chloride (oxidizer) and urea (fuel), so that the equivalence ratio 
was equal to unity [284]. Previously, Flahaut et al. [220] found that a urea content of twice 
the stoichiometric content was ideal in order to avoid the formation of Co3O4 during 
combustion synthesis catalyst powder. The same urea ratio was thus calculated for the 
preparation of our samples. The target compositions of the solid solutions are listed in Table 
V.1.  
 
Table V.1: Target composition of the catalysts prepared and used in this work. 
Metal Chemical composition % subst. /Mg Reference 
Mg0.95Fe0.05O 5 A  
Fe Mg0.92Fe0.08O 8 B 
Mg0.95Co0.05O 5 C 
Mg0.92Co0.08O 8 D 
 
Co 
Mg0.90Co0.1O 10 E 
Co-Fe Mg0.95Co0.025Fe0.025O 2.5 & 2.5 F 
Ni Mg0.95Ni0.05O 5 G 
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Once the precursor mixtures were prepared, each sample (from A to G) was stirred for 
1h in order to prepare well homogenised solutions (80°C). Finally the suspensions were 
coloured respectively in violet for Co, rust for Fe, red/brown for Fe-Co and green for Ni. The 
Pyrex dishes with the aqueous solutions were placed in an open furnace preheated at 550°C 
(in air). The solution immediately started to boil and underwent dehydratation. In case of Co 
the combustion was accompanied with very intensive reaction close to explosion. The 
decomposition of the metal nitrates or chloride was accompanied by a large release of 
nitrogen oxide gas. The resulting paste frothed and formed a foam which swelled and then 
blazed. The total combustion process was over in less than 5 min. The content of the reactant 
was calculated in order to obtain a batch of 6g of the oxide powder. Experimentally, we 
observed that calculations for more than 6g of oxide powder leads to loosing of material due 
to the limit of the volume of the Pyrex dish and also due to the strong combustion reaction in 
case of Co.  
The obtained solid was then gently ground using a mortar and pestle and finally heated 
at 550°C for 1h (in air) to burn the carbon coming from the incomplete decomposition of the 
excess of urea.  
 
V.2.2. XRD Characterization  
   
X-ray diffraction (XRD) patterns of different starting oxides did not reveal any 
significant difference and only the peaks corresponding to the MgO rock-salt lattice could be 
observed (Fig.V.1.). The lack of peaks corresponding to the different metal oxides in the 
samples is a evidence that the metal (Co, Fe, Co-Fe or Ni) ions are in solid solution in MgO. 
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Fig. V.1: Representive XRD patterns of different starting oxides. 
 
 
V.3. CCVD synthesis and characterization of nanocomposite powders  
V.3.1. CCVD synthesis parameters  
The usual parameters of CCVD synthesis are the temperature (T), the duration of 
dwell at maximum T° (t) and also the flow-rate of the reactive gasses (H2 and CH4). The type 
of gaseous atmosphere also has a big influence on the quality and the yield of the final 
product. For each CCVD synthesis, 1 g of the corresponding catalyst powder (A-G) was 
placed in a ceramic boat and introduced into a tubular furnace. The thermal cycle parameters 
involved in the synthesis are: heating rate (θ), dwell temperature (Td), dwell time (td), flow-
rate and composition of the atmosphere: Ra1 (N2 or H2) and Ra2 (CH4). 
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Fig. V.2 : Thermal cycle of CCVD.  
 
The nomenclature used in Fig. V.2 indicates: Td (dwell temperature), td (dwell time), 
Ra1 (atmosphere during heating ramp), Ra2 (dwell and cooling down atmosphere) and θ 
(Rate heating). For example in case of reduction of Fe sample, prepared in the followed 
conditions: Ra1 (N2), θ (5°C/min), Td (800°C), td (5 min) and Ra2 (CH4 @5 L/h) can be 
simply marked with the reference RFeN800(5’)5. 
 
V.3.2. Characterization of nanocomposite powders 
V.3.2.1. Fe nanocomposite powders  
We studied the influence of different parameters on CCVD synthesis of                     
C-encapsulated Fe nanoparticles from catalyst powders A (5% Fe) and B (8% Fe) (Table 
V.2). In order to find the best conditions for forming of Fe encapsulates we investigated 
different parameters of CCVD synthesis:  
- Dwell temperature (Td): 700°C, 800°C or 900°C; 
- Composition of reduction atmosphere: Ra1 (N2 or H2);  
θ 
Temperature (°C) 
Time (min) 
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- Dwell time (td): 1, 5, 15 or 30 min; 
- Flow rate of CH4: 5L/h or 20 L/h. 
 Table V.2: Sample reference and carbon content (composite powders) 
Catalyst powder 
Reference 
Composite powder 
Reference 
Carbon content 
(wt. %) 
R5FeH600(1’)5 No carbon 
R5FeH700(1’)5 No carbon 
R5FeH800(1’)5 0.7 
R5FeH800(5’)5 1.7 
R5FeH800(15’)5 1.9 
R5FeH800(30’)5 2.1 
R5FeH800(5’)20 2.4 
R5FeH800(15’)20 2.6 
R5FeH800(30’)20 2.6 
R5FeN700(30’)5 No carbon 
R5FeN800(1’)5 No carbon 
R5FeN800(5’)5 2.2 
R5FeN800(15’)5 2.7 
R5FeN800(30’)5 2.7 
R5FeN800(5’)20 2.3 
R5FeN800(15’)20 2.4 
R5FeN800(30’)20 2.1 
R5FeN900(15’)5 2.1 
 
 
 
A (H2) 
 
 
 
 
 
 
 
 
 
 
 
          A (N2) 
 
R5FeN900(30)5 2.2 
B (H2) R8FeH800(15’)5 No carbon 
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V.3.2.1.1. Dwell temperature  
Our first experimental task was to determine the temperature of decomposition of CH4 
in the presence of in situ formed Fe catalyst nanoparticles. Based on the fact that the 
decomposition of CH4 in the presence of catalytic metal nanoparticles usually takes place 
higher than 600°C [285], we first performed CCVD while heating in H2 atmosphere at 600°C, 
700°C and 800°C respectively for samples: R5FeH600(1’)5, R5FeH700(1’)5 R5FeH800(1’)5 
(Table V.2). After taking out of the samples from the CCVD reactor we observed that the first 
two powders prepared at 600°C and 700°C looked unmodified (no colour change), which is a 
usual indication that no reduction took place in the corresponding conditions. The black 
colour of the third sample prepared at 800°C was significant of the presence of carbon in the 
sample. We then performed CCVD in N2 atmosphere during the heating ramp, with a dwell 
T° of 700°C and 800°C for 30 min (R5FeN700(30’)5, R5FeN800(30’)5). The obtained 
products after treatment at 700°C also looked unmodified (no carbon) while the second one 
prepared at 800°C was black. The comparison between two types of CCVD synthesis 
conditions (heating ramp in H2 or N2) shows that the minimal temperature for CH4 
decomposition on catalyst powder A seems to be 800°C (at least below 30’ reaction).  
The influence of the temperature of CH4 decomposition (Td) on the carbon content in 
the Fe nanocomposite powders was studied. The elemental analysis of the carbon content 
(II.3.1) in the nanocomposite powders shows that samples prepared at 800°C 
(R5FeN800(15’)20, (R5FeN800(30’)20) (Table V.2.) contain a higher carbon content than 
samples prepared at 900°C (RFeN900(15’)20, RFeN900(30)20). The SEM images (Fig.V.3 
(a) and (b)) confirm that the higher carbon content in the case of CCVD at lower temperature 
is a consequence of the formation of carbon structures such as carbon nanofibres or nanotubes 
while in the sample prepared at 900°C mostly nanoparticles (20-30 nm) and only a few single 
fibers or nanotubes were observed. 
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Fig.V.3. SEM images of a sample prepared at (a) 800°C (R5FeN800(15’)20) and sample 
prepared at (b) 900°C( R5FeN900(15’)20). 
 
V.3.2.1.2. Atmosphere of heating ramp, CH4 flow-rate and dwell time  
We studied the influence of the atmosphere of the heating ramp on the carbon content 
of the Fe nanocomposite powder (Fig.V.4 (a) and (b)). Fig.4 (a) show that at 5L/h of CH4, the 
carbon content is always higher when the heating ramp is performed in N2 atm., whatever the 
dwell time. 
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 Fig. V.4 : Variation of the carbon content (wt.%) in Fe nanocomposite powders 
treated at 800°C for different times (td) in CH4 atmosphere with flow rate of (a) 5L/h and (b) 
20L/h in (a) H2 and (b) N2 atmosphere. 
(a) (b) 
(a) (b) 
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In general SEM observation of only C-encapsulated Fe nanoparticles in the composite 
powder was not possible, but the images still give information about the formation of other C 
structures such as fibres and nanotubes, as well as about their diameter.  We observed that a 
sample prepared using H2 during the heating ramp (R5FeH800(15’)5) contains Fe 
nanoparticles with a large diameter (40-50 nm). Usually large catalyst nanoparticles catalyze 
the growth of carbon nanofibers, which were observed in the sample. The second sample 
(R5FeN800(15’)5) prepared in the same conditions but using N2 during the heating ramp was 
found to contain carbon nanotubes and very small quantity of long nanofibers. The fact that 
carbon nanotubes were observed in the sample is an indirect evidence that the Fe 
nanoparticles have a small diameter and their observation in the final sample is harder. As a 
conclusion it can be mentioned that rising the temperature in H2 reducing atmosphere creates 
large diameter Fe nanoparticles which generate carbon nanofibers while a heating ramp in 
inert N2 atmosphere does not change the nature of the Fe catalyst nanoparticles and a mixture 
of nanotubes/fibre/nanoparticles was then observed. 
 
  
Fig. V.5 : SEM picture of (a) R5FeH800(15’)5 and (b) R5FeN800(15’)5. 
 
(a) (b) 
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It has to be also pointed out, that the two black products (R5FeH800(15’)5 and 
R5FeN800(15’)5) obtained after reduction at 800°C visually showed different behaviours 
during their transfer from the aluminum boat to the glass flask for storage. In case of 
RFeH800(15’)5 sample we observed that the black powder is in small individual blocks 
which can be compared to the typical nanocomposite powder of DWNT-MgO prepared by 
CCVD [52]. This observation makes us thinking that the nanocomposite powder may contain 
not only Fe@C particles but also nanofibers or even CNT. 
 The dwell time in CH4 atmosphere with different flow rates was also studied. Table 
V.2. shows that by increasing the dwell time (5, 15 and 30 min) the carbon content also 
increases at least between 5 and 15’. The higher carbon content obtained after a longer dwell 
time is not an evidence that more Fe nanoparticles were encapsulated within carbon shells. In 
order to investigate the dependence of C content versus the dwell time, we observed SEM 
images (Fig.V.6 (a) and (b)) of two samples, both prepared in the same conditions but for 
different dwell times (R5FeN800(5’)5 and R5FeN800(30’)5). The observation shows that the 
sample prepared with a 5 min dwell (Fig.V.6 (b)) contains generally carbon nanotubes and a 
few carbon nanofibres. By increasing the dwell time up to 30 min (Fig.V.6 (b), we observed 
the formation of large fibres together with carbon nanotubes. The formation of fibres can be 
explained by the fact that a higher CH4 amount allows the activation of larger nanoparticles 
which did not have time to be activated for a shorter dwell time. 
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Fig. V.6 : SEM picture of (a)  R5FeN800(5’)5 and (b) R5FeN800(30’)5. 
 
V.3.2.2. Co nanocomposite powders  
The CCVD synthesis of C-encapsulated Co nanoparticles was performed using three 
catalyst powders (C, D, E) containing different ratio of Co in the powder (Table V.3). The 
powders were treated in different conditions as follows: 
 
-Reduction temperature (Td): 800°C or 900°C; 
-Type of reduction atmosphere: Ra2 (N2 or H2);  
-Dwell time (td): 1, 5, 15 or 30 min; 
-Flow rate of CH4 gas: 5L/h or 20 L/h; 
-Heating (cooling) rate (θ): 5°C/min or 10°C/min in one case, identified with a (*) in 
Table V.3. 
 
 
 
 
(a) (b) 
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Table V.3: Samples reference and carbon content (composite powders) 
Catalyst powder 
Reference 
Composite powder 
Reference 
Carbon content 
(wt. %) 
R5CoN800(5’)5 No reaction 
R5CoN800(30’)5 3.8 
R5CoH800(5’)5 1.9 
R5CoH800(5’)20 2.5 
R5CoH800(5’)20* 2.7 
R5CoH800(1’)20 2.2 
R5CoH800(15’)20 3.6 
 
 
 
 
C 
R5CoH800(30’)20 4.1 
D R8CoH800(5’)20 
R8CoH900(5’)20 
2.5 
6.3 
E R10CoH800(5’)20 2.7 
 
V.3.2.2.1. Evaluation of Carbon content for different dwell times 
 The evaluation of the C content in the Co nanocomposite powders prepared for 
different dwell times (1, 5, 15 or 30 min) at 800°C (R5CoH800(1-30’)20 was studied.        
Fig.V.7 shows that by increasing the dwell time in CH4 atmosphere (20 L/h) the carbon 
content also increases. It has to be pointed out that C content of 2.2 wt.% for the sample 
R5CoH800(1’)20 increases to 4.1 wt.% for the sample R5CoH800(30’)20. Similar results 
were already observed for Fe@C prepared in the same conditions where by increasing the 
dwell time, the formation of nanofibers increases. 
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Fig. V.7 : Variation of the carbon content (wt.%) in Co nanocomposite powders reduced at 
800°C for different dwell times in CH4 atmosphere ( 20 L/h) (heating ramp atm. H2). 
 
Fig.V.8. compares SEM pictures of samples prepared with a 5’ dwell 
(R5CoH800(5’)20) and a sample prepared with a 30’ dwell (R5CoH800(30’)20). The 
observation shows that in the first case (Fig.V.8 (a)) the samples has good homogeneity and 
only few long nanotubes were observed. By increasing the dwell time up to 30 min           
(Fig.V.8 (b)) we didn’t observe any dramatic difference but only a higher ratio of long carbon 
nanotubes (up to few µm in length) and also some short nanotubes (arrows). In comparison to 
the synthesis of Fe@C nanoparticles in the same conditions (Fig.V.5 (a)) where the 
nanofibers with large dimensions are dominating, in the case of Co@C, the nanofibers are 
replaced by nanotubes. This is an indirect evidence that the Co catalytic nanoparticles (which 
cannot be observed directly by SEM) have smaller diameter than Fe catalytic nanoparticles 
prepared in the same conditions. The low amount of carbon nanotubes and carbon fibers in 
the samples even after 30 min of dwell makes us thinking that by increasing the time of dwell 
the percent of Co encapsulates may increase. 
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Fig. V.8: SEM picture of (a) R5CoH800(5’)20 and (b) R5CoH800(30’)20. 
 
V.3.2.2.2. Influence of the atmosphere during the heating ramp 
 As it was already described about Fe-containing nanocomposite powders, the 
atmosphere used during the heating step (H2 or N2) has a huge influence on the nature and 
quality of the final product. The first visual results after taking out the sample prepared with a 
heating ramp in N2 and only 5 min dwell from the CCVD reactor shows that the light grey 
colour of the catalyst powder was not changed which indicates that the reaction was not 
performed. In order to check if some C deposition was performed, the powder was transferred 
into 20 mL of HCl (37%) for extraction. In a few minutes the suspension was fully dissolved 
(blue colour) and no product was recovered. The same experiment was repeated but for a 
longer dwell time (R5CoN800(30’)5). After 30 min of dwell, a dark grey coloured powder 
with C content of 3.8 wt.% (in the composite powder) was obtained. It seams that the 
mechanism of formation of Co encapsulates strongly depends on the nature of the heating 
ramp atmosphere. When inert N2 atm. was used for rising the temperature up to 800°C the 
reduction was only performed during the dwell in CH4 atm. which requires longer time in 
order to form active Co catalyst nanoparticles. In the case of H2 during the heating ramp, the 
(a) (b) 
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reduction of the metal oxides starts before the dwell and the time for formation of Co 
encapsulates in CH4 atm. is longer. 
V.3.2.2.3. Influence of the Co content in the catalyst powder 
 We have investigated the influence of the Co content in the catalyst. Fig.V.9 shows the 
carbon content of three samples prepared in the same conditions but with different Co 
contents (R5CoH800(5’)20, R8CoH800(5’)20 and R10CoH800(5’)20). The result show very 
similar C content in the 3 samples. It is likely that more important differences could have been 
observed for longer reaction times, but these experiments have not been performed.  
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Fig. V.9 : Evolution of the carbon content as a  function of the Co content in the catalyst 
powder (heating ramp atm: H2). 
 
V.3.2.2.4. Influence of dwell temperature 
 The influence of the dwell temperature was studied for two samples (R8CoH800(5’)20 
and R8CoH900(5’)20) prepared in the same conditions but  at different temperatures (800°C 
and 900°C ). The sample prepared at 800°C has a C content of 2.5 wt.%. (Table V.3). By 
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increasing the dwell temperature up to 900°C we observed that the carbon content was much 
higher (6.3 wt. %).  
 
V.3.2.3. Fe-Co nanocomposite powders 
 In order to combine the properties of Co and Fe nanoparticles we synthesized two     
Fe-Co nanocomposite powders prepared in two different conditions. The first sample 
(R2.5Fe2.5CoN800(5’)20) was prepared with the heating ramp in N2 atm. up to 800°C while 
the second  one (R2.5Fe2.5CoH800(5’)20) was prepared with a heating ramp in H2 atm. 
(Table V.4). The carbon content in the first sample is lower (3 wt.%) than the second one          
(4.6 wt.%).  
Table V.4: Carbon content of two composite powders prepared with different atm.  
during the heating ramp (N2, H2). 
 
Catalyst powder 
Reference 
Composite powder 
Reference 
Carbon content 
(wt. %) 
R2.5Fe2.5CoN800(5’)20 3.0 
                  A 
                  B R2.5Fe2.5CoH800(5’)20 4,6 
 
V.3.2.4. Ni nanocomposite powders 
 The preparation of Ni nanocomposite powder was performed in two different 
conditions. In order to study the influence of the atm. during the initial heating step, two 
samples were prepared with this step performed either in H2 (R5NiH800(15’)20 or N2                       
(R5NiN800(15’)20). The first powder (R5NiH800(15’)20 obtained after CCVD was not 
reduced, which was evidenced by its total dissolution in HCl (37%). In the second case the Ni 
nanocomposite powder contained 1.5 wt.% of C, which is less than a Fe sample 
(RFeN800(15’)20) prepared in the same conditions (2.4 wt.%).  
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V.4. Characterization of extracted samples 
 
The samples obtained after CCVD were extracted by HCl as described in II.1.3. Each 
extracted sample was named by replacing the letter R (sample after reduction) by letter E 
(extracted sample). For example sample RFeH800(5’)5 after reduction was extracted and 
named as EFeH800(5’)5. For the yield measurements, 1g of each nanocomposite powder was 
extracted, dried and the obtained powder was weighted. 
 
V.4.1. Characterization of C-encapsulated Fe nanoparticles 
 
 
The most important characterizations of the Fe@C samples are the carbon and iron 
content (wt. %), the level of defect in the structure (ID/IG ratio) calculated from the Raman 
spectra data and the yield of the product after extraction and drying (Table V.5).  
 
V.4.1.1. X-ray diffraction 
A typical XRD pattern of Fe@C nanoparticles is presented in Fig.V.10. Peaks from 
carbon and Fe3C (cementite) are present and no Fe (0) (α-Fe, γ-Fe) or Fe oxide peak could be 
detected. 
 
Fig. V.10 : Typical X-ray diffraction pattern of  Fe@C nanoparticles. 
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V.4.1.2. Influence of the CCVD parameters on synthesis of Fe@C nanoparticles 
  
 The CCVD synthesis of Fe@C nanoparticles was performed by changing of the 
different conditions of CCVD synthesis followed by studding the influence of each of them. 
The studied parameters were followed: 
- type of reduction atmosphere: Ra1 (N2 or H2);  
- dwell time (td): 5, 15 or 30 min; 
- flow-rate of CH4 gas: 5L/h or 20 L/h; 
- temperature of reduction (Td): 800°C or 900°C. 
Each of the samples after extraction by HCl was named replacing “R” (reduced) by “E” 
(extracted samples).  
 
V.4.1.2.1. Influence of the type of atmosphere during the heating ramp 
 In our case in order to obtain Fe@C nanoparticles we used two atmospheres during the 
heating ramp: N2 or H2. For each sample we studied the elemental analysis (C and Fe 
content), the defects in the structure (ID/IG) ratio by Raman spectroscopy and the yield, all 
reported in Table V.5. 
Table V.5: Chemical and Raman analysis of extracted samples. 
 
   
Nanocomposite 
powder 
Reference 
Extracted powder 
Reference 
Carbon 
content 
(wt. %) 
Fe content 
(wt. %) 
ID/IG 
 
Yield 
(mg) 
 
R5FeH800(15’)5 E5FeH800(15’)5 84.2 11.7 0.8 25 
R5FeN800(15’)5 E5FeN800(15’)5 86.3 8.3 0.5 20 
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Fig.V.11. shows TEM pictures of samples prepared in the same conditions but in 
different atmosphere of heating ramp. In the first case (Fig.V.11. (a)) the sample was prepared 
in heating ramp of H2 and than treated with CH4 during the dwell (E5FeH800(15’)5). The 
TEM observation shows a presence of large Fe@C nanoparticles formed inside the C shells. 
The sample contains also carbon nanofibers which in most of the cases are filled with 
nanoparticles mainly concentrated at the tip of the fibres. The shape of the larger particles in 
the sample is oblong and in most of the cases they are placed inside the fibres forming short 
nanowires. In the second case (Fig.V.11. (b)) the sample was prepared in N2 during the 
heating ramp and then treated with CH4 during the dwell (E5FeN800(15’)5). In this case we 
observed that the sample contains a mixture of small (20-30 nm) and large (30-60 nm) 
nanoparticles which are mainly placed at the tip of the nanofibers. The diameter of the 
nanofibers in the second case is smaller than for the sample prepared with an initial heating 
ramp in H2 due to the presence of smaller catalytic metal particles. In the first case the 
reduction process of formation of active metal nanoparticles was longer (presence of H2 since 
the beginning) while in the second case the reduction was performed only during the dwell 
during the decomposition of CH4 gas. Following the mechanism of carbon growth based on 
catalytic nanoparticles the shape of the nanoparticles has also an important influence on the 
formation of the encapsulates. During the heating of Fe catalyst powder in the highly reducing 
H2 atmosphere, Fe particles were formed and their size increased, also changing their shape. 
When the decomposition of CH4 during the dwell started, the Fe particles already had a big 
diameter and catalyzed the formation of thick carbon shells, due to their big surface. The 
formation of thick carbon shells is due to the high diffusion of free carbon atoms through Fe 
nanoparticles converted into carbon shells. In the second case (Fig.V.11 (b)) the reduction of 
the catalyst only starts with the introduction of CH4 during the dwell: in this case the time 
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available for the formation of Fe nanoparticles was much shorter and smaller Fe@C particles 
were formed (arrows).   
 
 
   
 
Fig. V.11 : TEM pictures of Fe@C nanoparticles prepared in (a) H2-CH4 and (b) N2-CH4 
atmosphere. 
 
 
  
V.4.1.2.2. Influence of the flow-rate of CH4 during different dwell times 
 
 We studied the influence of two different CH4 flow-rates (5 and 20 L/h) for different 
dwell times (5, 15 and 30 min), at 800°C. The studied samples with their elemental analysis, 
Raman spectroscopy data and yield are described in Table V.6.   
 The influence of the low and high flow-rates of CH4 on the particle size distribution, 
thickness and length of filling inside the nanofibers, Fe content, C content, ID/IG ratio, yield 
and carbon shell thickness will be discussed next. 
 
 
 
 
 
(a) (b) 
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Table V.6: Chemical and Raman analysis of extracted samples. 
 
Nanocomposite 
powder 
Reference 
Extracted powder 
Reference 
Carbon 
content 
(wt. %) 
Fe content 
(wt. %) 
ID/IG 
 
Yield 
(mg) 
 
R5FeH800(5’)5 E5FeH800(5’)5 83.5 11 0.8 19 
R5FeH800(15’)5 E5FeH800(15’)5 84.2 11.7 0.8 25 
R5FeH800(30’)5 E5FeH800(30’)5 85.8 12.2 0.9 35 
R5FeH800(5’)20 E5FeH800(5’)20 87.4 11 1.0 21 
R5FeH800(15’)20 E5FeH800(15’)20 82.4 13.4 0.7 30 
R5FeH800(30’)20 E5FeH800(30’)20 82.4 12.9 1.3 35 
R5FeN800(5’)5 E5FeN800(5’)5 84.2 7 0.9 16 
R5FeN800(15’)5 E5FeN800(15’)5 86.3 8.3 0.5 20 
R5FeN800(30’)5 E5FeN800(30’)5 86.3 9 0.5 28 
R5FeN800(5’)20 E5FeN800(5’)20 87.5 6.7 0.3 18 
R5FeN800(15’)20 E5FeN800(15’)20 87.6 6.6 0.2 26 
R5FeN800(30’)20 E5FeN800(30’)20 89.0 6.5 0.3 35 
 
  
V.4.1.2.3. Influence of the flow-rate on the nanoparticles size distribution 
 Due to their spherical shape, the nanoparticles size distribution was investigated for 
samples prepared in N2-CH4 atmosphere at 800°C. Fig.V.12 (a) and (b) represent TEM 
pictures of two samples (E5FeN800(5’)5 and E5FeN800(30’)5) prepared in the same 
conditions apart from a different dwell time. We observed that by increasing the dwell time, 
the size distribution of the nanoparticles also increases. In the second case (Fig.V.12 (c) and 
(d)) two samples were prepared with a high CH4 flow-rate (E5FeN800(5’)20 and 
E5FeN800(30’)20) for 5 and 30 min. The observation shows similar results. We observed that 
Fe@C prepared for 30 min in low flow-rate (a) have smaller size distribution than Fe@C 
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prepared with the same dwell but with a higher CH4 flow-rate. It also has to be pointed out 
that the carbon shells of the sample prepared in a high flow-rate for 30 min are thicker than in 
the three other samples. We observed that increasing the dwell time up to 30 min in high 
flow- rate leads to the formation of oblong and large diameter Fe nanoparticles found within 
nanofibers. This observation can be related to the samples prepared in H2-CH4 atmosphere 
(Fig.V.11 (a)) where we observed formation of large diameter nanoparticles inside nanofibers.  
 
 
 
Fig. 12 : TEM pictures of Fe@C prepared in N2-CH4 atm. (a) at 5L/h of CH4 for 5’, (b) at 
5L/h of CH4 for 30’, (c) at 20L/h of CH4 for 5’ and (d) at 20L/h of CH4 for 30’. 
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The size distribution of Fe@C nanoparticles prepared in high and low flow-rates for 
different dwell times was also studied (Fig.V.13) by measuring the diameter of 100 
nanoparticles. In the case of low flow-rate (Fig.V.13. (a)) we observed that by increasing the 
dwell time from 5 to 15 min, the population of nanoparticles up to 10 nm increased from 70% 
to 80% in the sample. By increasing the dwell time up to 30 min we observed that the 
population of particles having a size distribution of 11-25 nm increased significantly. From 
these observations we can conclude that the small Fe@C nanoparticles up to 10 nm are 
mainly formed during the first 15 min after what the diameter distribution increases.  
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Fig. V.13 : Size distribution of  C-encapsulated Fe nanoparticles prepared at 800°C, under  
N2-CH4 atm. with  CH4 flow-rate (a) 5L/h and (b) 20L/h. 
 
 
Further analysis of the size distribution of the samples prepared for 15 min of dwell 
(E5FeN800(15’)5) was performed. Fig.V.14. shows that about 70% of the nanoparticles in the 
range 1-10 nm have size distribution of 1-5 nm.  
 
(a) (b) 
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Fig. V.14 : TEM picture and size distribution of  C- encapsulated Fe nanoparticles prepared 
at 800°C, under  N2-CH4 atm. @ CH4 flow-rate of 5L/h. 
 
By increasing the CH4 flow-rate up to 20 L/h (Fig.V.13 (b)) we observed a similar 
trend of the size distribution of Fe@C nanoparticles. After 5 min of dwell the samples 
contains 67% of nanoparticles in the range 1-10 nm which is close to the sample prepared in 
low flow- rate. By increasing the dwell up to 15 min we observed the formation of larger 
nanoparticles between 26 and 75 nm, which is an evidence that in high flow-rate the reduction 
and the formation of large diameter nanoparticles are faster than at low flow-rate. Finally, 
after 30 min of dwell, Fe nanoparticles between of 26 and 75 nm are dominating, representing 
more than 55 % of the sample. Increasing the dwell time and/or the total flow-rate both lead 
to larger nanoparticles. 
V.4.1.2.4. Influence of the flow-rate on the length and thickness of Fe-filled nanofibers 
As it was already discussed earlier, Fe@C nanoparticles synthesized in H2-CH4 
atmosphere have oblong shape and analysis of size distribution of their diameter is thus not 
possible. That is why we studied the influence of the flow-rate of CH4 on the length and 
thickness of Fe- filling inside nanoshells and nanofibers. Fig.V.15 (a) and (b) show typical 
TEM pictures of two samples (E5FeH800(5’)5 and E5FeH800(30’)5) prepared in H2-CH4 
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atmosphere  at low flow-rate for two different dwell times (5 and 30 min). The pictures show 
that after 5 min of dwell Fe@C nanoparticles with an average thickness of 40-50 nm were 
formed. Most of the particles are with oblong shape found in short nanofibers or in isolated 
carbon shells. By increasing the dwell time to 30 min (Fig.V.15 (b)), all Fe@C nanoparticles 
were found inside the nanofibers. When a higher flow-rate of CH4 was applied for 5 min 
dwell time, (Fig.V.15 (c)) only short Fe-filled carbon nanofibers (more than 2 µm in length) 
were observed. Finally, after 30 min of dwell time at high flow-rate of CH4 (Fig.V.15 (d)), 
there was an obvious thickening of the carbon nanofibers and widening (thickness, length) of 
the Fe@C nanoparticles. 
 
 
Fig. V.15 : TEM pictures of Fe@C prepared in H2-CH4 atm. (a) at 5L/h of CH4 for 5’, (b) at 
5L/h of CH4 for 30’, (c) at 20L/h of CH4 for 5’ and (d) at 20L/h of CH4 for 30’. 
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 We calculated the average length and thickness of Fe-filling inside the carbon 
nanoshells and nanofibers obtained after low and high flow-rates with different dwell times 
(Fig.V.16 (a) and (b).  In the first case, we observed that the length of the Fe-filling increased 
with increasing the dwell time. The size distribution of the length at low or high flow-rate is 
similar and in both cases, increasing the dwell time leads to an increase of the length of       
Fe-filling inside the fibres. Fig.V.16 (b) shows the size distribution of the thickness of the    
Fe-filling as a function of the dwell time and the CH4 flow-rates. It was observed that after 5 
min of dwell whatever the flow-rate, the thickness is similar (17-18 nm). The thickness 
increases by increasing the time up to 15 min and in both cases of low and high flow-rate, the 
average size is almost the same (23-25 nm). The difference in the size distribution of the 
thickness between the low and high flow-rates was observed after only 30 min of dwell, 
where a thickness of about 30 nm was observed for a flow-rate of 20 L/h (only about 20 nm 
for the CH4 flow-rate of 5 L/h). As a conclusion, the shape of the Fe@C nanoparticles may be 
controlled by varying the dwell time and/or flow-rate of carbon source (CH4). Increasing the 
reaction time leads to longer nanoparticles without modifying mean thickness. Both a long 
reaction time and high flow-rate of CH4 are (see Fig.V.15) required to also significantly 
increase the thickness of the elongated nanoparticles. This, unfortunately, does not give any 
useful information about the formation mechanism of the Fe@C nanoparticles; it is known 
that longer nanoparticles lead to wider (and thicker) carbon nanofibers. Maybe the important 
carbon feeding obtained at high flow-rate for a long time does allow to activate longer metal 
nanoparticles. The absence of individual round-shape Fe@C nanoparticles when increasing 
either the dwell time of CH4 flow-rate could be explained by some coalescence of the smallest 
nanoparticles, leading to larger or longer and thicker nanoparticles depending on the 
experimental conditions. 
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Fig. V.16 : (a) Length and (b) thickness of the Fe-filled 
Nanofibers prepared in H2-CH4 atmosphere. 
 
 
V.4.1.2.5. Influence of the flow-rate on Fe content and the yield of Fe@C nanoparticles 
 
 The metal content in the main parameter to control the magnetic and heating properties 
of the final product. We studied the metal (Fe) content and the yield of samples prepared in 
N2-CH4 and in H2-CH4 prepared at low and high flow-rates for different dwell times          
(Fig.V.17, (a) and (b). We observed that samples prepared in H2-CH4 atmosphere contain 
more iron than samples prepared in N2-CH4 (Fig.V.17 (a) and (b)).  In all cases we observed 
that the metal content increased by increasing the dwell time but not significantly after 5 min 
of dwell time (in most cases). Using a low flow-rate of CH4, the metal content of H2-CH4 
samples increases only from 11 wt.% up to 12.2 wt.% respectively after 5 and 30 min of 
dwell. With a flow-rate of 20 L/h (Fig.V.17 (a)) after 5 min of reduction, the Fe content is the 
same as after 5 min in low flow-rate. After 15 min, we observed that the Fe content increased 
up to 13.4 wt. % which was the maximum obtained content for Fe@C.  
For the samples prepared in N2-CH4 atmosphere, the trends are very similar. We observed that 
in the two cases of low and high flow-rate of CH4, after 5 min of dwell the Fe-content is 
similar respectively 7 wt.% for the low flow-rate and 6.7 wt.% for the high flow-rate. By 
increasing the time of CH4 decomposition in flow-rate of 5 L/h the metal content increased up 
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to 9 wt.% after 30 min, while in the case of a flow-rate of 20 L/h the metal contend was 
considered as a stable. It can be concluded that the increase in the metal Fe content by 
increasing the dwell time was observed mainly in the case of a low flow-rate, while in the 
case of high flow-rate we observed a decrease after first 5 min of dwell, possibly because of 
the formation of other non-metal containing carbon structures. 
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Fig. V.17 : Fe- content of Fe-filled nanofibers and nanoshells prepared in H2-CH4 and N2-
CH4 at 800°C @CH4 flow-rate (a) 5 L/h (b) 20 L/h. 
 
 In parallel with the elemental analysis of Fe in the samples prepared at different flow-
rates of CH4, we studied also the yield of Fe@C as a function of the reduction time (Fig.V.18 
(a) and (b)). We observed that the yield of the product strongly depends on the reaction time.  
 The yield clearly increases with time, strongly below 5 min and then the rate is lower 
but looks rather constant. This would be in agreement with a progressive activation of these 
nanoparticles, leading to an increase in weight of Fe@C sample but with a constant Fe content 
(at least above 5 min of dwell time). A similar yield could be obtained in N2-CH4 or H2-CH4 
atmosphere at high flow-rate when a sufficient dwell time was applied (although the shape of 
the Fe@C nanoparticles was very different). 
 
(a) (b) 
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Fig. V.18  :Yield of Fe-filled nanofibers and nanoshells prepared at H2-CH4 and N2-CH4 at 
800°C  @CH4 flow-rate (a) 5L/h (b) 20L/h. 
 
 
V.4.1.2.6. Influence of the flow-rate on the defects of the Fe@C structure 
 
 The quality of the formed carbon structures in the sample was studied by Raman 
spectroscopy. In Fig.V.19 (a) and (b) we show the evaluation of ID/IG ratio of samples 
prepared at low or high flow-rate for different dwell times. Fig.V.19 (a) shows that at low 
flow-rate of CH4, after 5 min of dwell the ID/IG ratio of the two type of samples prepared in 
different conditions are very close (between 0.8 and 0.9). By increasing the reaction time the 
level of the defects in case of H2-CH4 synthesis is constant while in case of N2-CH4 synthesis 
the level of the defects decreased from 0.8 after 5 min to 0.5 for 15 min and remained the 
same up to 30 min of dwell. The difference may be explained by amount of carbon nanofibers 
presented in the sample, as these structures are very defective, leading to a high ID/IG ratio. 
This would be in agreement with the lower amount of these species in case of the N2-CH4 
atmosphere although at 5 L/h, there is no difference between N2-CH4 and H2-CH4 atmosphere 
even if the TEM images of the corresponding samples are very different. The decrease in ID/IG 
ratio with reaction time may be explained either by a kind of annealing of the carbon 
structures (at least during the initial stages below 15 min), or by the formation of less and less 
defective structures when time increases. The higher ID/IG ratio in H2-CH4 atm. could be 
(a) (b) 
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explained by a high reactivity of the metal nanoparticles (likely to be formed before the 
introduction of CH4 only in the case of the H2-CH4 treatment), leading to faster growth (and 
thus more defective) of the Fe@C nanoparticles. 
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Fig. V.19 : ID/IG ration of samples prepared at 800°C in H2-CH4 or N2-CH4 atmosphere at  
(a) 5L/h and(b) 20L/h CH4. 
 
 
V.4.1.2.7. Influence of the flow-rate on the thickness of the carbon shells 
 
 The influence of the CH4 flow-rate on the thickness of the carbon shells for different 
dwell times was studied. Fig.V.20 (a) shows that after 15 min of dwell, the Fe@C 
nanoparticles prepared in H2-CH4 atm. contain multi-walled carbon shells with size of 7 nm. 
By increasing the flow-rate to 20 L/h (Fig.V.20 (b)) we observed that the size of the carbon 
shells increased up to 35 nm. In some cases the nanoparticles were placed into thick 
nanofibers and on the other case they were placed into spherical carbon shells. In comparison 
with the Fe@C nanoparticles prepared in H2-CH4 atm., the samples prepared in N2-CH4 after 
15 min of dwell (Fig.V.20 (c)) contains only two or three layers with a thickness of about       
1 nm. Increasing the CH4 flow-rate to 20 L/h increased the number of the layers to 6-7 
creating carbon shells with a thickness of ca. 3 nm.  
 
(a) (b) 
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Fig. V.20 : HRTEM pictures of C shell thickness of Fe@C nanoparticles prepared for 
15’ of dwell at CH4 flow-rate in  H2-CH4 (a) 5L/h and (b) 20 L/h or in N2-CH4 (c) 5L/h and 
(d) 20 L/h. 
 
 
The evaluation of the thickness of the carbon coating of Fe@C nanoparticles prepared 
in H2-CH4 atm. (Fig.V.21) was studied. In case of CH4 flow-rate of 5 L/h (Fig.V.21 (a)) we 
observed that the thickness of the carbon shells strongly depends on the dwell time. After       
5 min of dwell about 75% of Fe@C nanoparticles contain carbon shells with thickness of       
11-20 nm and the rest are between 1 and 10 nm. By increasing the dwell time, the thin carbon 
shells were replaced by thicker ones which after 30 min increased their thickness up to 50 nm. 
In case of high flow-rate ((Fig.V.21 (b)) we didn’t find any clear dependence of the thickness 
(a) (b) 
(c) (d) 
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and the time of dwell due to the low homogeneity of Fe@C. The carbon coating was however 
generally thicker that at low flow-rate. 
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Fig. V.21: Thickness of the carbon shells in Fe- filled nanoshells prepared at 800°C in H2-
CH4 at (a) 5L/h and (b) 20L/h. 
 
 
V.4.1.2.8. Influence of the dwell temperature  
 
 In order to study the effect of the temperature on the Fe@C nanoparticles formation 
two dwell temperatures were used (800 °C and 900°C (Table V.7)), in N2-CH4 atmosphere.  
 
Table V.7: Chemical and Raman analysis of extracted samples. 
 
Nanocomposite 
powder 
Reference 
Extracted powder 
Reference 
Carbon 
content 
(extract) 
(wt. %) 
Fe content 
 
(extract) 
(wt. %) 
ID/IG 
 
(extract) 
 
Yield 
 
(extract) 
(mg) 
R5FeN800(15’)5 E5FeN800(15’)5 86.3 8.3 0.5 20 
R5FeN900(15’)5 E5FeN900(15’)5 71.5 17.8 1.1 17 
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According to the results obtained for Fe@C prepared at 800°C in different atm. of 
heating ramp, we concluded that N2-CH4 atmosphere is more suitable for the preparation of 
small spherical carbon encapsulated Fe nanoparticles. The temperature of the dwell was 
increased to 900°C for dwell a time of 15 min in low flow-rate of CH4 (E5FeN900(15’)5). 
When the temperature of 900°C was reached, decomposition of the Fe catalyst powder 
accompanied by a coloration of the reactor walls in yellow was observed.  
 Fig.V.22 (a) shows TEM picture of Fe@C nanoparticles prepared in N2-CH4 atm. at 
800°C for 15 min of dwell (E5FeN800(15’)5). The sample contains a high proportion of 
amorphous carbon and few carbon nanofibers, which are typical for all the Fe samples 
prepared at 800°C. In order to increase the kinetics of the reaction we increased the 
temperature of dwell up to 900°C (Fig.V.22 (b). We observed individual spherical Fe@C 
nanoparticles placed in what is looking like graphene sheets and no fibres were present in the 
sample (E5FeN900(15’)5). The nanoparticles diameter distribution of Fe@C nanoparticles 
was 15-40 nm. The nanoparticles had a spherical shape with multi-walled carbon shells, with 
an average thickness of 5 nm.  The elemental analysis revealed that the Fe content increased 
from 8.3 wt.% for sample prepared at 800°C to 17.5 wt.% for sample prepared at 900°C.  At 
high temperature, the decomposition of CH4 goes faster and is less controlled, and obviously 
less catalytic, leading to much more defectuous structures. The coalescence of metal 
nanoparticles is probably less prevented, leading to slightly larger nanoparticles. 
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Fig. V.22 : TEM and HRTEM pictures of samples prepared in H2-CH4 atm. (5L/h) for 15’ in 
dwell at (a) 800°C and (b) 900°C. 
 
 
V.4.1.2.9. Conclusion 
  
 The synthesis of Fe@C nanoparticles strongly depends on the nature of the 
atmosphere during the heating ramp. When H2-CH4 combination of gases was used, formation 
of nanofibers filled with large oblong nanoparticles was observed. When N2-CH4 combination 
of gasses was applied, the product contained small spherical C-encapsulated Fe nanoparticles 
and isolated nanofibers. In both cases the final product contains Fe3C nanoparticles 
incorporated into the carbon shells or nanofibers. Increasing the CH4 flow-rate from 5 to       
20 L/h and the time of dwell from 5 to 30 min leads to the formation of larger nanoparticles in 
both cases. In the same time the carbon shells thickness also increased. The best conditions at 
800°C leading to 70% of the nanoparticles with average size distribution of 1-10 nm were 
obtained for 15 min of dwell at low flow-rate (E5FeN800(15’)5). Keeping the same 
conditions but increasing the temperature of dwell from 800°C to up to 900°C, we eliminated 
the presence of carbon nanofibers and Fe@C nanoparticles with an average diameter of      
15-40 nm and carbon multi walled shells with thickness of 5 nm were obtained. 
 
 
(a) (b) 
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V.4.2. Characterization of extracted carbon-encapsulated Co nanoparticles  
 Cobalt metal is a well known catalyst for the growth of various forms of nanoscale 
graphitic carbons, such as nanotubes and nanoshells. In order to optimize the process of 
Co@C nanoparticles synthesis, we investigated different CCVD parameters: 
1. Flow-rate of CH4: 5 L/h or 20 L/h; 
2. Temperature rate: 5 °C/min and 10 °C/min; 
3. Time of dwell (td): 5, 15 or 30 min; 
4. Co content in the catalyst powder: 5, 8 or 10 %; 
5. Temperature of reduction (Td): 800°C or 900°C. 
All the experiments were performed using H2 atm. during the initial heating ramp. 
 
V.4.2.1. X-ray diffraction 
  
 Fig.V.23 represents typical XRD pattern of Co@C nanoparticles. The peak at 2θ ≈ 26° 
corresponds to graphite layers which are present as a nanoshells or multi-walled nanotubes in 
the samples. The structure of core material was confirmed by the peaks at 44.1° (111), 51.5° 
(200) and 75.7° (220). It has to be pointed that in case of Co@C nanoparticles no carbide was 
detected and only Co metal was found. This is because Co carbides are not stable at low 
temperature and, even if they are formed during the synthesis, they will decompose during the 
cooling down step.  
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Fig. V.23 : Typical X-ray diffract pattern of  Co@C nanoparticles. 
 
 
 
V.4.2.2. Influence of the CCVD parameters on the synthesis of Co@C nanoparticles 
 
V.4.2.2.1. Influence of the flow-rate   
 
 The first studied parameter of CCVD synthesis of Co@C nanoparticles was the CH4 
flow-rate. We used low (5 L/h) or high (20 L/h) CH4 flow-rate (Table V.8). After each 
synthesis the samples were analyzed by elemental analysis, Raman spectroscopy and yield of 
the final product (after catalyst removal). 
Table V.8: Chemical and Raman analysis of extracted samples. 
 
Extracted powder 
Reference 
Carbon content 
(wt. %) 
Cobalt content 
(wt. %) 
ID/IG Yield 
(mg) 
E5CoH800(5’)5 83.9 12 1.4 20 
E5CoH800(5’)20 84.7 13 1.2 24 
 
 
(fcc) 
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Fig.V.24 (a) and (b) show two TEM pictures of Co@C nanoparticles (E5CoH800(5’)5 
and E5CoH800(5’)20) prepared at low or high flow-rate. We observed that in the two cases 
the nanoparticles were mainly located inside carbon nanofibers. In the first case where       
low flow-rate was used we observed less nanoparticles and creation of more carbon 
nanofibers An average particle size of 10-15 nm was observed in both cases. As evidence that 
all non protected Co nanoparticles were removed from the sample after the HCl extraction, we 
observed opened and empty carbon nanoshells (Fig.V.24 (b)) (arrow). The elemental analysis 
(Table V.8) shows that using a higher flow-rate of CH4 the metal content was slightly higher 
(13 wt.%) than when the samples was prepared at low flow-rate (12 wt.%). The level of the 
defects in the carbon structures, indicated by the ID/IG ratio, shows a small decrease in case of 
high flow-rate. By increasing the flow-rate, we also observed that the yield of the Co@C 
increased slightly, by 4 mg. 
Due to the slightly higher ratio of Co, slightly lower level of defects and higher yield 
of the sample, the high CH4 flow-rate of 20 L/h seams to be a better condition for Co@C 
nanoparticles synthesis. 
  
  
 
Fig. V.24 : TEM pictures of Co@C nanoparticles prepared in the same conditions but at      
(a) low CH4  flow-rate or (b) high CH4 flow-rate. 
 
(a) (b) 
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V.4.2.2.2. Influence of the heating rate  
 
 We studied the influence of the heating rate for two samples (E5CoH800(5’)20 and 
E5CoH800(5’)20(10)) prepared with a heating ramp of either 5°C/min or 10°C/min       
(Table V.9). The elemental analysis shows that changing the speed of heating ramp leads to 
similar the Co and C contents. The ID/IG ratio in the two samples is almost the same. In these 
experimental conditions (5’ dwell at 20 L/h of CH4), the speed of the heating rate in H2 thus 
does not seems to have any significant influence. 
 
Table V.9: Chemical and Raman analysis of extracted samples. 
Extracted powder 
Reference 
Carbon content 
(wt. %) 
Cobalt content 
(wt. %) 
ID/IG Yield 
(mg) 
E5CoH800(5’)20 84.7 13 1.2 24 
E5CoH800(5’)20(10) 82.6 12.4 1.1 22 
 
  
V.4.2.2.3. Influence of the dwell time  
 
The influence of the dwell time was studied for 4 samples prepared for 1, 5, 15 and 30 
min in CH4 flow-rate of 20 L/h at 800°C (Table.V.10).                                                                                                                                                                                                                                                                                                          
 
Table V.10: Chemical and Raman analysis of extracted samples. 
Extracted powder 
Reference 
Carbon content 
(wt. %) 
Cobalt content 
(wt. %) 
ID/IG Yield 
(mg) 
E5CoH800(1’)20 84.3 12.5 0.9 6 
E5CoH800(5’)20 84.7 13 1.2 24 
E5CoH800(15’)20 85.5 10.7 0.8 21 
E5CoH800(30’)20 87.6 8.8 0.8 20 
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Fig.V.25 shows TEM pictures of Co@C prepared for different dwell times. After 1 
and 5 min of dwell (Fig.V.25 (a) and (b)) we observed that the nanoparticles’ size is the same 
for the two samples (10-15 nm). By increasing the dwell time up to 15 min (Fig.V.25 (c)), we 
observed the formation of long nanofibers and less nanoparticles in the sample. When the 
time of dwell was again increased up to 30 min (Fig.V.25 (d)), we observed the formation of 
individual nanoparticles with a length diameter distribution (10 -25 nm), placed in a kind of 
graphene sheet matrix. The TEM observation did not confirmed if the nanoparticles were 
encapsulated in carbon shells or just covered by the graphene sheets. 
 
 
 
Fig. V.25 : TEM pictures of Co@C nanoparticles prepared at 800°C at high CH4 flow-rate 
(20 L/h) for (a) 1, (b) 5, (c) 15 and (d) 30 min of dwell. 
 
 
We observed that the maximum of cobalt content (13 wt. %) in the samples was 
reached after 5 min of dwell. By increasing the dwell time, the content of the Co decreased 
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and finally after 30 min the obtained Co content was 8.8 wt.%. This fact can be explained by 
the slight but continuous increase in the C content, and especially after 15’ when the 
formation of long nanofibers started. 
 The maximum yield of 24 mg was obtained after 5 min of dwell. The variation of ID/IG 
ratio with the dwell time is considered as non significant. The optimal condition was fount to 
be a 5’ dwell time. 
 
V.4.2.2.4. Influence of the Co content in the catalyst powder 
 
 Once the condition of the synthesis (flow-rate, temperature rate and time of dwell) 
were optimized, we studied the influence of the Co content in the starting catalyst powders. 
We investigated three samples (Table V.11) with 5, 8 and 10 % of cobalt in Co-MgO catalyst 
powder (solid solution). 
 
Table V.11: Chemical and Raman analysis of extracted samples. 
Extracted powder 
Reference 
Carbon content 
(wt. %) 
Cobalt content 
(wt. %) 
ID/IG Yield 
(mg) 
E5CoH800(5’)20 84.7 13 1.2 24 
E8CoH800(5’)20 77.7 18 1.2 39 
E10CoH800(5’)20 78.2 16 1.2 38 
 
  
Fig.V.26 shows TEM pictures of two samples prepared in the same conditions but 
containing 8% (Fig.V.26 (a)) or 10 % (Fig.V.26 (b)) of Co in the catalyst powder. In the first 
case we observed many individual carbon-encapsulated Co nanoparticles with an average 
diameter of 15 nm. By increasing the ratio of Co to 10 % (Fig.V.26 (b)) we observed that the 
shape of the nanoparticles in most cases is oblong and even some of the nanoparticles are 
present as a short filling inside carbon nanofibers (arrows). The size of the nanoparticles was 
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also longer (20-25 nm). It has to be also pointed out that in case of higher metal content the 
number of the carbon nanofibers increased while the number of nanoparticles decreased.  
 
  
 
Fig. V.26 : TEM pictures of Co@C nanoparticles prepared in the same conditions but from 
Co-MgO catalyst containing (a) 8 % and (b) 10 % of Co. 
  
The maximum of Co content was obtained for samples prepared with catalyst powder 
containing 8% of Co. The maximum yield was also obtained for the same sample. The level 
of the defects was found to be exactly the same according to the ID/IG ratio (Table V.11). A 
starting catalyst containing 8% of Co thus seems to correspond to the optimal composition. 
 
V.4.2.2.5. Influence of the dwell temperature  
 
 As in the case of Fe@C nanoparticles, we investigated the influence of the dwell 
temperature (800 and 900°C), with a dwell time of 5’ and a CH4 flow-rate of 20 L/h       
(Table V.12).  
Table V.12: Chemical and Raman analysis of extracted samples. 
Extracted powder 
Reference 
Carbon content 
(wt. %) 
Cobalt content 
(wt. %) 
ID/IG Yield 
(mg) 
E8CoH800(5’)20 77.7 18 1.2 26 
E8CoH900(5’)20 43.2 55.6 0.7 30 
(a) (b) 
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The TEM pictures in Fig.V.27 (a) and (b) compare the two samples prepared at the 
two different temperatures. In the first case we observed encapsulated nanoparticles with an 
average diameter of 10-15 nm. The samples contain also nanofibers, as observed for all the 
samples prepared at 800°C. When 900°C was applied (Fig.V.27 (b)) we found Co@C 
nanoparticles with a high level of homogeneity and an average diameter distribution of       
15-20 nm. The sample does not contain fibres and only single encapsulated nanoparticles 
were observed. The nanoparticles were found to be coated with two or three carbon shells 
with an average thickness of 0.4 nm. We observed that the thickness of the carbon shells 
decreased when increasing the temperature.  
 
  
 
Fig. V.27 :TEM and HRTEM pictures of Co@C nanoparticles prepared in similar conditions 
but at (a) 800°C or (b) 900°C. 
 
 It seems that by increasing the temperature, the number of active nanoparticles 
increased and as a result the Co content increased from 18 wt. % for sample prepared at 
800°C to 55.6 wt.% for the samples prepared at 900°C. The proportion of structure defects 
(indicated by the ID/IG ratio) decreased in the case of 900°C, probably due to the formation of 
carbon shells instead of defective carbon nanofibers. The yield was however almost not 
modified. Heating to 900°C instead of 800°C in H2 during the heating ramp probably made 
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possible the formation of more and larger Co nanoparticles. Then, the dwell conditions being 
identical, the amount of available carbon was probably too low to allow the formation of 
carbon nanofibres (dwell at 900°C). 
 
V.4.2.3. Conclusion 
 
 The best conditions for the different steps are highlighted below (grey colour): 
 
            CH4 flow-rate 
 
 
 
  Heating rate 
           (*:10°/min) 
     
 
 
 
 
Dwell time 
 
 
 
Metal content 
 
 
Dwell temperature 
 
Fig. V.28 : Sketch of the different parameters of  Co@C nanoparticles synthesis.  
 
The CCVD synthesis of Co@C nanoparticles was possible only in H2-CH4 
combination of atmosphere. Carbides were not present in the final product, and only Co metal 
was incorporated into carbon shells. By increasing the time of dwell from 5 to 30 min the Co 
content decreased from 13 to 8.8 wt. % due to the formation of carbon nanofibers. By 
increasing the Co percent in the catalyst powder from 5 to 8 % the Co content in the Co@C 
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samples increased from 13 to 18 wt. % without modifying the ID/IG ratio or particle size. The 
best sample (E8CoH900(5’)20) of Co@C was obtained after treatment at 900°C at high flow-
rate of CH4 for 5 min of dwell. The sample contains individual spherical Co@C nanoparticles 
(15-20 nm) with high homogeneity, without carbon nanofibers and amorphous carbon 
formation. 
 
V.4.3. Characterization of extracted carbon-encapsulated Co-Fe nanoparticles        
 
 
 We studied two samples (E2.5Fe-2.5CoH800(5’)5 and E2.5Fe-2.5CoN800(5’)5) 
prepared in different atmosphere of heating ramp (N2 or H2) (Table V.13).  
 
Table V.13: Chemical and Raman analysis of extracted samples. 
Extracted powder 
Reference 
Carbon content 
(wt. %) 
Iron content 
(wt. %) 
Cobalt content 
(wt. %) 
ID/IG Yield 
(mg) 
E2.5Fe-2.5CoN800(5’)5 92.5 4.1 0.8 1.4 85 
E2.5Fe-2.5CoH800(5’)5 84.7 6.1 1.4 1.2 102 
 
 
V.4.3.1. X-ray diffraction 
 
 Fig.V.29 represents an X-ray diffraction pattern of Fe-Co@C nanoparticles      
(E2.5Fe-2.5CoH800(5’)5. The as–prepared nanoparticles were carbon encapsulated iron-
cobalt (FexCoy). The sharp peak at 2θ ≈ 26° corresponds to the presence of graphitic layers. 
The structure of FexCoy was confirmed by the peaks at 45.2°, 65.8° and 83°. It is important to 
be pointed out that metal carbide structures were not detected.  
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Fig. V.29 : Typical X-ray pattern of  Fe-Co@C nanoparticles (E2.5Fe-2.5CoH800(5’)5). 
 
 
V.4.3.2. TEM investigations 
Fig.V.30 represents TEM picture of two samples (E5Fe-CoN800(5’)5 and           
E5Fe-CoH800(5’)5) prepared in different atmosphere of heating ramp. Fig.V.30 (a) shows 
that when H2 gas was used during the heating ramp, large nanoparticles with diameter of     
60-100 nm were formed. Some of the nanoparticles are with spherical shape and some of 
them oblong. In case of using a N2 atm. during the heating ramp (Fig.V.30 (a)) we observed 
formation of small carbon-encapsulated nanoparticles with an average diameter of 20-40 nm. 
Formation of nanofibers was also observed. This is very similar to what was described in the 
case of Fe alone (Fig.V.11). 
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Fig. V.30 : TEM pictures of Fe-Co@C nanoparticles prepared in similar conditions but in   
(a) H2 and (b) N2 atmosphere of heating ramp. 
 
  
 In case of synthesis of Fe-Co@C nanoparticles in N2-CH4 atm. we observed that the 
Co contents is low (0.8 wt.%) while in case of H2-CH4 synthesis it increased to 1.4 wt.%. The 
Fe content also increased from 4.1 wt. % in case of N2 atm. to 6.1 wt.% for Fe@C prepared in 
H2 atm. 
 
V.4.3.3. EDX analysis  
In order to study the mechanism of the formation of the nanoparticles we have 
performed EDX analysis of sample prepared in H2-CH4 atm. (Fig.V.31). We observed that the 
larger encapsulated nanoparticles (30-40 nm) (location 1) contains 92 wt. % of Fe and 8 wt.% 
of Co. In case of smaller nanoparticles (15-20 nm) (location 2) we found that the Co content 
increased to 34 wt. %. The EDX studies show that the composition of the metal nanoparticles 
correspond to an alloy between Fe and Co, of variable composition. No data allow us to make 
a relationship between nanoparticles size and composition. 
 
(a) (b) 
 231 
 
 
Fig. V.31 : EDX of Fe-Co@C nanoparticles prepared in H2-CH4 atm. of heating ramp  
(E5Fe-CoH800(5’)5). 
 
 
V.4.3.4 Conclusion 
 
 The synthesis of Fe-Co@C nanoparticles in a H2-CH4 atmosphere gives higher metal 
content (Fe= 4.1 wt. % + Co= 0.8 wt.%) than synthesis in N2-CH4 atmosphere (Fe= 6.1 wt.% 
+ Co= 1.4 wt.%). The X-ray diffraction data show the presence of FexCoy nanoparticles 
encapsulated in carbon shells, and no Fe3C was formed.  
 
V.4.4.Characterization of extracted carbon-encapsulated Ni nanoparticles 
 
 We studied the catalytic properties of Ni metal in order to produce Ni@C 
nanoparticles. The sample was synthesized in N2-CH4 atmosphere at 800°C for 5 min of dwell 
in CH4 flow-rate of 20 L/h (E5NiH800(5’)20).  
The X-ray diffraction (Fig.V.32) pattern shows a typical pattern of Ni@C 
nanoparticles. The first peak (very weak) at 2θ ≈ 26° corresponds to graphitic layers. The two 
peaks at 2θ= 44.3° (111) and 51.7° (200) correspond to the reflection of Ni structure. No 
1. 
2. 
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signal of carbide was found in the different patterns. The large width of Ni peaks suggests the 
presence of rather small particles. 
 
 
Fig. V.32 : Typical X-ray pattern of  Ni@C nanoparticles. 
 
 
 Fig.V.33. shows a HRTEM picture of Ni@C nanoparticles. The average diameter 
distribution of the nanoparticles is 4-5 nm which made their observation hard. We observed 
that the sample has high homogeneity and nanoparticles bigger than 5 nm were not observed. 
Precise observation of the carbon shells structure was not possible because the nanoparticles 
were placed in a graphene sheet-like matrix. It was however possible to evidence that those 
nanoparticles were crystallized (see inset of Fig.V.33). 
 
(002) 
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Fig. V.33 :  HRTEM picture of Ni@C nanoparticles prepared at 800°C in N2-CH4 atm.        
(20 L/h) for 15 min ( E5NiN800(15’)20). 
 
The Ni content of the samples was 5.4 wt.%, which is the lowest metal content 
according all of the metal encapsulates described until now. The carbon content was          
93.2 wt. % and carbon was mostly in the form of amorphous-like material. 
 
V.4.4. Conclusion 
 
 The X-ray diffraction pattern showed the presence of Ni metal nanoparticles. The 
average diameter of the particles was 4-5 nm. The Ni content (5.4 wt.%) in the sample was 
the lowest obtained for all of our samples of carbon-encapsulated nanoparticles. 
 
V.5. Magnetic characterizations and hyperthermia  
V.5.1. Magnetic characterizations 
V.5.1.1. Magnetic characterizations of Fe@C nanoparticles 
The first two magnetic characterisations (Fig.V.34), compare the magnetic saturation 
(Ms) of Fe@C samples prepared in H2-CH4 atmosphere for 15 min of dwell at low flow-rate 
of CH4 (E5FeH800(15’)5) and at high flow-rate (E5FeH800(15’)20). The hysteresis loops 
 234 
show that higher saturation magnetization Ms (15 emu/g) was obtained in case of high flow- 
rate of CH4 (12 emu/g at lower flow-rate). We observed that the magnetic characterisations 
are strongly related to the Fe content in these two samples respectively 13.4 wt.% for high 
flow-rate and 11.7 wt.% for the low flow-rate sample. The two samples show typical 
ferromagnetic properties with open hysteresis loops with coercivity of 400 Oe for both. 
However, in comparison to the magnetisation of bulk Fe (215 emu/g) these two samples have 
much lower Ms. 
 
 
Fig. V.34 : Hysteresis loops of Fe@C prepared in H2-CH4 atm. @ 800°C for a 15 min dwell 
at (a) low flow-rate  or (b) high flow-rate of CH4. 
 
 
 In general the presence of Fe3C in the sample of Fe@C nanoparticles gives lower 
saturation magnetic of the sample. In order to reduce the carbide contamination in the Fe@C 
sample (E5FeH800(15’)20) we performed an annealing at 700°C in Ar/H2 (4:1) atmosphere 
for 24 h. Fig.V.35 shows that the magnetisation after annealing is lower (13 emu/g) than the 
magnetisation of the as-prepared sample (15 emu/g). It can be concluded that the high 
temperature annealing in Ar/H2 atmosphere didn’t improve the magnetic properties of the 
(a) 
(b) 
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sample and even had a negative influence. The magnetic characterisation of the annealed 
samples is in agreement with the X-ray diffraction (not shown) after annealing which showed 
presence of carbide. 
 
Fig. V.35 : Hysteresis loops of Fe@C prepared in H2-CH4 atm. @ 800°C for 15 min of dwell 
(a) before annealing  and (b) after annealing. 
 
 The saturation magnetization (Ms) of samples prepared in N2-CH4 atm. at 800°C for 
15 min of dwell but in different CH4 flow-rates was also studied (Fig.V.36). The sample 
(E5FeN800(15’)20) prepared in high flow-rate of CH4 (Fe= 6.6 wt.%) shows lower Ms      
(3.8 emu/g) than samples ((E5FeN800(15’)5) prepared in low flow-rate (Fe= 8.3 wt.%)              
(8.8 emu/g). These results once again showed that the metal content in the sample is the most 
important factor which describes the magnetic behaviours of the sample. 
(a) 
(b) 
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Fig. V.36 : Hysteresis loops of Fe@C nanoparticles prepared in N2-CH4  
atm. for 15 min of dwell at 800°C @ (a) low and (b) high flow-rates of CH4. 
 
 
In order to study the influence of the dwell time, we investigated two samples 
prepared in H2/CH4 atmosphere but at different dwell times (E5FeN800(15’)20 and 
E5FeN800(30’)20). Fig.V.37 shows that the two hysteresis loops are with very close, as well 
as the corresponding Ms, which is in agreement with the very close Fe content in these two 
samples (respectively 11.7 wt.% for the shorter time and 12.2 wt.% for the longer time 
sample). It seems that the creation of thicker carbon shells by increasing the dwell time does 
not have any strong influence on the magnetic properties of the samples. 
(a) 
(b) 
E5FeN800(15’)20 
E5FeN800(15’)5 
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Fig. V.37 : Hysteresis loops of Fe@C nanoparticles prepared in H2-CH4  
atmosphere in low flow-rate at 800°C for (a) 15 or (b) 30 min of dwell. 
 
 
Fig.V.39 shows the magnetic characterisation of the best obtained sample of Fe@C 
nanoparticles which contains individual encapsulated spherical nanoparticles 
(E5FeN900(15’)5). The Ms of the samples was 29 emu/g which is related also to the high Fe 
content in the sample (17.8 wt.%). The high Ms of this sample can be compared to the sample 
prepared in similar conditions but at 800°C (Fig.V.36 (b)), where the maximal measured Ms 
was 8.8 emu/g. The higher magnetisation of the samples prepared at 900°C can be also related 
to the high homogeneity of Fe@C nanoparticles and also to their spherical shape. Our results 
were compared to Fe filled MWNT obtained by CVD method [286]. It was found that the 
maximum saturation magnetisation Ms of filled MWNT was 8.2 emu/g, which is much less 
than the Ms of Fe@C nanoparticles (29 emu/g). The better obtained magnetic properties of 
our Fe@C nanoparticles were probably due to the spherical shape and single domain structure 
which makes this samples good promising candidate for hyperthermia application. However, 
the magnetisation saturation of 29 emu/g is still far of Ms of bulk Fe which is 215 emu/g.  
(a) 
(b) 
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Fig. V.38 : Hysteresis loops of Fe@C nanoparticles prepared in N2-CH4 
atm. in low CH4 flow-rate at 800°C for 15 min of dwell. 
 
 
V.5.1.2. Magnetic characterizations of Co@C nanoparticles 
 
 The magnetization saturation (Ms) of two samples of Co@C nanoparticles was studied 
(Fig.V.39). The magnetic measurement described the influence of the temperature of dwell on 
Co@C nanoparticles. In the case when the Co@C sample was prepared at 800°C          
(Fig.V.39 (a)) we measured a Ms of 22 emu/g. When the temperature of the synthesis was 
increased to 900°C the sample showed a high Ms of 106 emu/g. The big difference of the Ms 
between the samples is generally explained by the Co contents (56 wt.% at 900°C vs 18 wt.% 
at 800°C). According to the TEM pictures (Fig.V.27 (a) and (b)) we observed that the carbon 
in the sample prepared at 900°C was present only as a double of triple-walled carbon shells 
and no nanofibers, which also has a positive influence on the magnetic characterizations. The 
high magnetization of 106 emu/g obtained for this samples can be compared to the bulk Co 
which has magnetization of 160 emu/g. The difference can be explained by the fact that our 
Co@C nanoparticles have single domain structure due to the small particle size, which gives 
them a nature which is different from the bulk Co.  
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Fig. V.39 : Hysteresis loops of Co@C nanoparticles prepared in H2-CH4 
atm. for 15 min of dwell at (a) 800°C or (b) 900°C. 
 
 
V.5.1.3. Magnetic characterizations of Co-Fe@C nanoparticles 
 
Our initial goal for the synthesis of Fe-Co@C nanoparticles was to improve the 
magnetic properties of Fe@C nanoparticles by doping Fe with Co in the samples. Fig.V.40 
shows the hysteresis loop of Fe-Co@C nanoparticles with typical ferromagnetic behaviour. 
We observed that the Ms of this sample (15 emu/g) is the same as the Ms of Fe@C 
nanoparticles prepared in the same conditions (Fig.V.34 (b)). It is important to be note that in 
the case of Fe@C, the Fe content is 13.4 wt.% while in the case of Fe-Co the Fe content is 
only 6.1 wt.% and the Co content is 1.4 wt.%. Even with half of the Fe content of the Fe@C 
nanoparticles, the Fe-Co@C nanoparticles show the same magnetic properties due to the 
doping with Co. However, our Fe-Co@C nanoparticles were found to be far from the Ms of 
bulk FeCo which is 235 emu/g. 
 Interesting fact here is also the big coercivity (1200Oe) witch can be related to the big 
size distribution of the Fe-Co@C nanoparticles (60-100 nm) observed in Fig.V.30.  
 
(b) 
(a) 
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Fig. V.40 : Hysteresis loops of Fe-Co@C nanoparticles prepared in H2-CH4 
atm. at 800°C for 15 min  of dwell. 
 
 
V.5.1.4. Magnetic characterizations of Ni@C nanoparticles 
 
The Ni@C nanoparticles exibited the worse magnetic properties. We measured the Ms 
of Ni@C nanoparticles prepared in N2-CH4 atmosphere for 5 min in dwell in CH4 flow-rate of 
20 L/h (E5NiH800(5’)20). Fig.V.41 represents the Ms of Ni@C nanoparticles. We observed a 
very low Ms (1.7 emu/g) and the absence of coercivity. The lack of coercivity in this case can 
be related to the very small particle size (4-5 nm), which corresponds to their 
superparamagnetic behaviour. The low Ni content in the sample (4 wt. %) is also a possible 
explanation for the low Ms (1.7 emu/g).  
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Fig. V.41 : Hysteresis loops of Ni@C nanoparticles prepared in H2-CH4 
atm. at 800°C for 5 min of dwell (E5NiH800(5’)20). 
 
 
V.5.1.5.Conclusion 
  
 The parameter which has the largest influence on the saturation magnetization of the 
metal encapsulates is the metal content. The best saturation magnetization (106 emu/g) was 
obtained for Co@C nanoparticles prepared at 900°C (E8CoH900(5’)20). The Fe-Co@C 
nanoparticles showed higher Ms than Fe@C nanoparticles probably due to their large size 
distribution, which is evidenced by the high coercivity (1200 Oe). 
 
V.5.3. Hyperthermia 
 
 
We studied the heating effect of Fe@C, Co@C, Fe-Co@C and Ni@C nanoparticles. 
For each of the studied samples, dispersions in a volume of 1.5 mL were exposed to AC 
magnetic field with a frequency of 120 kHz and field strength of 20 to 80 kA/m. In order to 
obtain stable suspensions, the nanoparticles were mixed in 1:1 weight ratio with human 
albumin and dispersed in phosphate buffered saline (PBS) using ultrasonication for 10 min. 
The parameter used for the quantitative characterization of heating effectiveness is the 
specific absorption rate (SAR) The SAR (in W/g) is the weight normalized rate of energy 
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absorption by a biological object and it was calculated for the first 60 sec. of the heating 
curve.  
The calculation was performed using: 
SAR = c*((T1-T0)/60 sec)                                (eq.V.1) 
 
where, c is specific heat capacity of water (c= 4.118 Jg-1K-1), T1 is the measured 
temperature after 60 sec of exposure and T0 is the starting temperature.   
 
V.5.3.1. Hyperthermia of Fe@C nanoparticles 
 
We investigated the heating effect of four suspensions containing Fe@C nanoparticles 
prepared in different heating ramp atmospheres at different CH4 flow-rates. Fig.V.42 shows 
the heating effect and SAR of Fe@C nanoparticles prepared in similar conditions but in 
different atmosphere of heating ramp. The first two suspensions had the same concentration 
(5 mg/mL) and they were investigated at a magnetic field strength H 40, 60 or 80 kA/m. The 
first sample was prepared in N2 atm. (heating ramp). In this case we observed that at the 
lowest magnetic field (40 kA/m), no heating effect was observed. By increasing the magnetic 
field up to 60 kA/m, low heating effect was detected but with low SAR (0.01 W/g). The 
maximum effect of hyperthermia was observed at 80 kA/m where SAR increased to 0.07 
W/g. Fig.V.42 (b) represents the hyperthermia of Fe@C nanoparticles prepared in H2 atm. We 
observed that even at the lowest magnetic field (40 kA/m), an heating effect was evidenced 
with SAR of 0.015 W/g. At 60 kA/m the SAR was two times bigger than this of Fe@C 
samples prepared in N2 atm. (0.02 W/g). The difference in the SAR between the two samples 
at 40 or 60 kA/m is due to the different Fe content in the samples. Finally at 80 kA/m the two 
samples had the same SAR, which means that the smaller Fe@C nanoparticles 
(E5FeN800(15’)5) need stronger external magnetic field to be activated than the big 
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nanoparticles and filled fibres from the other samples (E5FeH800(15’)5). It has to be also 
mentioned that in this case the Fe content plays a role only at low magnetic field (40 and 60 
kA/m), while after applying a high magnetic field the mechanism of heating was a result from 
the Brownian motions and Néel relaxation of the particles. In case of Fe@C produced in N2 
atm. heating ramp, 80 % of the nanoparticles are with spherical shape in the range of 1-10 nm 
while in case of the H2 atm. heating ramp more of the nanoparticles are with oblong shape 
(80-90 nm in length), and located in thick nanofibers.  
 
 
 
Fig. V.42 : Heating effect and SAR of Fe@C nanoparticles prepared at 800°C for 15’ of 
dwell at low flow-rate of CH4 in heating rate atmosphere of (a) N2 and (b) H2. 
 
 
  
 
(a) 
(b) 
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In Fig.V.43 we compared two suspensions containing Fe@C samples prepared at high 
flow-rate of CH4 (20 L/h) in (a) N2 atm. heating ramp and (b) in H2 atm. heating ramp. The 
results in this case show different heating effects than the samples discussed previously. We 
observed that the two loops of heating had the same shape but in the case of H2 atm. prepared 
Fe@C the SAR always larger. The most important fact here is the big difference between the 
Fe contents of the F5FeH800(15’)20 which is 13.4 wt.% and the Fe content of the other  
sample (F5FeN800(15’)20) which contains only 6.6 wt.%. In this case the mechanism of 
heating of the small spherical nanoparticles (60% are with average particle size of 1-10 nm) 
based on the Brownian motion and Néel relaxation is not enough to reach the SAR of the 
large Fe@C filled fibres with high Fe content. Due to the usually low Fe content in the 
samples of Fe@C, the only possibility to compare the SAR was at high magnetic field        
(80 kA/m). In fig V.43 we observed that the heating curve at 80 kA/m shows some 
temperature fluctuations probably due to the non spherical shape of the particles and their low 
level of homogeneity. 
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Fig. V.43 : Heating effect and SAR of Fe@C nanoparticles prepared at 800°C for 15 
min in dwell at high flow-rate of CH4 in heating rate atmosphere of (a) N2 and (b) H2. 
 
 
V.5.3.2. Hyperthermia of Co@C nanoparticles  
 
The Co@C nanoparticles showed the best magnetic properties of all of the samples 
described until now. Based on the this we studied the hyperthermia of Co@C containing 5% 
of Co in the catalyst powder prepared at 800°C (E5CoH800(5’)20). The samples were 
suspended in two concentrations: 2 mg/mL (Fig.V.44 (a) and 5 mg/mL (Fig.V.42 (b). The 
suspensions with a volume of 1.5 mL were exposed to AC magnetic field with a frequency of 
120 kHz and field strength of 20-80 kA/m. Heating effect of Co@C nanoparticles was 
observed at H ≥ 20 kA/m (for 5 mg/mL) and H ≥ 30 kA/m (for 2 mg/mL). At maximum 
magnetic field H= 80 kA/m heating effect reaches 7 °C/min with SAR= 0.32 W/g               
(for 2 mg/mL) and 4.5 °C/min with SAR= 0.46 W/g (for 5 mg/mL). These results can be 
(a) 
(b) 
 246 
compared to the heating properties of Fe filled MWNT [286] obtained by aerosol-assisted 
CVD technique. It was shown that at H=80 kA/m and concentration of 5 mg/mL the Fe filled 
tubes reached SAR= 0.21 W/g which is more than two times less than our Co@C 
nanoparticles (SAR= 0.46 W/g). In comparison with the Fe@C nanoparticles where the 
maximum of SAR was 0.07 W/g at 80 kA/m (for 5 mg/mL) in case of Co@C we observed a 
huge difference mostly due to the higher homogeny, spherical particle shape, small 
nanoparticles size (10-15 nm), higher metal content and no carbide formation in the case of 
Co metal during the synthesis.  
 
 
         
Fig. V.44 : Heating effect and SAR of Co@C nanoparticles prepared at 800°C for 5 
min of dwell, suspended in PBS/albumin/water with concentration of (a) 2 mg/mL or 
(b) 5 mg/mL. 
 
 
 
(a) 
(b) 
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 We also studied the heating properties of samples E8CoH900(5’)20 which was 
suspended in carboxymethylcellulose sodium salt/water with concentration of 5 mg/mL. In 
comparison to PBS/albumin/water suspension of carbon encapsulated metal nanoparticles, we 
found that using carboxymethylcellulose sodium salt in water, the dispersion and the stability 
of the suspension is much better. Significian heating effect (SAR= 0.04 W/g) was obtained 
even in low power of 20 kA/m (Fig.45). When the power was increased to 70 kA/m the SAR 
of 1.1 W/g was calculated, which is more than two times higher than this obtained for samples 
E5CoH800(5’)20 (SAR= 0.46 W/g) (Fig.44 (b)). We supposed that the better heating effect of 
this sample is due to: high magnetisation saturation of the solid powder (Ms=106 emu/g), the 
high metal content (55 wt.%) and/or the good dispersibilty (using carboxymethylcellulose 
sodium salt). Due to the heating effect obtained even in low power such as 20 kA/m, we can 
mention that this sample could be a very good candidate for biomedical applications in 
hyperthermia cancer treatment. 
 
 
 
Fig. V.45 : Heating effect and SAR of Co@C nanoparticles prepared at 900°C for 5 min of 
dwell, suspended in carboxymethylcellulose sodium salt/water with concentration of 5 mg/mL. 
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V.5.3.3. Hyperthermia of Fe-Co@C nanoparticles 
  
 
 Hyperthermia of sample E2.5Fe2.5CoH800(15’)5 was studied. The suspension 
(5mg/mL) of 1.5 mL was exposed to 40, 60 or 80 kA/m and corresponding SAR was 
calculated. Fig.V.45 represents the heating effect and SAR of the sample. We observed that at 
low magnetic field (40 kA/m), heating effect was not observed. By increasing the field up to 
80 kA/m we calculated a SAR = 0.1 W/g. In comparison with the Co@C nanoparticles this 
SAR is much lower but in comparison with the Fe@C nanoparticles it is higher. The doping 
of the nanoparticles by Co and the larger size of the nanoparticles is probably the reason why 
the SAR was higher than this in case of Fe@C nanoparticles.  
 
 
 
Fig. V.45 : Heating effect and SAR of Fe-Co@C nanoparticles prepared at 
800°C for 15 min of dwell at high-flow rate of CH4 in heating rate atmosphere of H2. 
 
 
V.5.3.4. Hyperthermia of Ni@C nanoparticles 
 
 Fig.V.46 shows hyperthermia curves of Ni@C nanoparticles of sample 
E5NiN800(5’)20. The heating effect of a suspension with a concentration of 5 mg/mL was 
studied at different magnetic fields (40, 60 and 80 kA/m). We observed that no heating could 
be measured in any of the three cases. The absence of hyperthermia in this case is due to the 
very small nanoparticles size (4-5 nm) which is in the range of superparamegnism (which was 
evidenced by the magnetic characterization which showed only 1.7 emu/g). The HRTEM 
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(Fig.V.31) observation of the sample showed that the Ni nanoparticles were placed in 
graphene-like matrix, which probably disturbed the normal Brownian motion when the 
magnetic field was applied.  
 
 
 
Fig. V.46 : Heating effect of Ni@C nanoparticles prepared at 800°C for 5 min 
of dwell at high flow-rate of CH4 in heating rate atmosphere of H2. 
 
 
V.5.3.5. Study of the mechanism of hyperthermia 
In order to understand the mechanism of heating of our samples, in parallel with the 
hyperthermia of suspensions we also studied the hyperthermia of fixed Fe@C encapsulates in 
silicone matrix. The concentration of the silicon/Fe@C was the same than for the liquid 
suspended Fe@C (5mg/mL). The samples were studied at the maximum available magnetic 
field of 80 kA/m. Fig.V.47 shows that the test with the pure silicone did not show any heating 
as expected. It was observed that the curve of heating of silicone/Fe@C nanoparticles is the 
same than this for the liquid suspension of Fe@C. In this case of Fe@C nanoparticles fixed in 
silicone, the hyperthermia was reached only due to the Néel relaxation where the spin 
relaxation is the source of the heating process.  Based on these results we can mention that in 
the liquid/Fe@C samples the force of hyperthermia is not only the Brownian motion, which is 
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normally the factor of heating of liquid suspensions, but also the Néel relaxation which 
probably increases the heating effect. 
 
 
 
Fig. V.47 : Heating effect and SAR of Fe@C nanoparticles (E5FeN800(15’)5) suspended in 
(a) PBS/albumin/water or in (b) silicone. 
 
 
V.5.3.6. Conclusion 
 
The most important parameters for the characterization of the heating properties of our 
metal encapsulates are the particles size, particles shape and the metal content. The best 
hyperthermia effect was obtained for Co@C nanoparticles where heating effect was observed 
even at low magnetic field of 30 kA/m. By increasing the concentration of Co@C 
nanoparticles suspension from 2 mg/mL to 5 mg/mL the SAR was found to increase two 
times.  The hyperthermia of Fe-Co@C nanoparticles was found to be better than for Fe@C, 
probably due to the incorporation of Co or to the larger size of the nanoparticles. A 
suspension of superparamagnetic Ni@C nanoparticles did not show any heating effect. 
 
 
 
 
(a) 
(b) 
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V.6. Relaxometry of Co-encapsulated nanoparticles 
 
 Transition metals, such us cobalt, have much higher saturation magnetization Ms than 
iron oxide at room temperature. The Co@C nanoparticles (E5CoH800(5’)20) showed high 
Ms (106 emu/g) and in the same time their small particle size (10-15 nm)  make them good 
candidate for application in MRI (Magnetic Resonance Imaging).  
 We studied the MR properties and reflexivity of two Co@C nanoparticles samples 
(E5CoH800(5’)20 and E8CoH800(5’)20) with different Co content in the starting catalyst 
powder. The relaxation rate R1 and R2 were measured in the range of their concentrations and 
the relaxivities r1 and r2 were calculated. These were measured at a temperature of 37°C in a 
magnetic field strength 0.47 T. The concentrations of the two water suspension were              
1 mM.S-1. When the relaxation times T1 and T2 were measured we calculated the reflexivity 
based on the concentration of the suspensions (Table V.14) : 
r1=(1/T1 - 1/T1water)/[CCo]    (eq.V.2 ) 
    r2=(1/T2 - 1/T2water)/[CCo]     (eq. V.3) 
 where, [CCo] is the concentration of the suspension in mM. 
Table V. 14: Comparison of MR parameters of the investigated samples. 
MR parameter E5CoH800(5’)20 E8CoH800(5’)20 
T1 (ms) 29.4 39.2 
T2 (ms) 5.9 8.0 
r1 (mM.s-1) 33.1 16.5 
r2 (mM.s-1) 165.5 81.4 
 
 The best obtained results was for Co@C nanoparticles (E8CoH800(5’)20) with the 
higher Co content in the final product (18 wt.%) which decreased the reflexivity to 16.5 
mM.s-1 for r1 and 81.4 mM.s-1 for r2. The effect of the particles size on r2 was studied by 
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Parkes et al. [287] who mentioned that by increasing the nano particles size, r2 also increased. 
According to this theoretical explanation, we can say that the particles of E8CoH800(5’)20 
have smaller size than in the sample E5CoH800(5’)20. 
 The best obtained results for our Co@C nanoparticles can be compared to USPIO 
Ferumoxtran-10 in free solution which shows 15.5 and 100 mM.s-1 for r1 and r2 measured at 
1.5 T [287]. Due to its good reflexivity properties Co@C nanoparticles are very good 
candidate for MRI application. 
 
  
V.7. Biocompatibility of Co-encapsulated nanoparticles 
 
 
We investigated the preliminary evaluation of the biocompatibility of Co@C 
nanoparticles (E5CoH800(5’)20) and Fe@C nanoparticles obtained from commercial source 
(Nanomaterial Store: SN1501).  The cytotoxicity was evaluated by measurement of metabolic 
activity of cells after exposure to different concentrations of nanoparticles (WST-1 test) and 
by the clonogenic survival assay of cells seeded in the presence of the nanoparticles. The cell 
line used for these studies was DU-145 (brain metastasis of prostate cancer).  
 The two powders were dispersed in distilled water containing human albumin (at the 
same concentration as the nanoparticles) by means of ultrasonication using a probe tip 
sonicator. The suspensions were prepared using dried powers and even after extended 
ultrasonication period the particles would still aggregate and sediment in the long term. It is 
important to keep in mind that the sedimentation of the particles over the cell culture plates 
probably has a impact on the cytotoxicity effect. 
 Fig.V.48 shows the aspect of the cells during incubation with the nanoparticles and 
after a “washing” step that was performed after 24h of exposure. Their sedimentation over the 
cells is quite clear. It is interesting to note, however, that even after exposure to such a high 
concentration (50 µg/mL) of the two types of nanoparticles, some of the cells were still alive 
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and attached to the plate as it can be clearly seen in (d) and (f). Due to the high aggregation of 
Co@C nanoparticles it was hard to observe the level of the live cells after “washing” (e). 
 
  
  
 
 
  
 
Fig. V.48: Aspect of cells seeded in 96 well plates under (a) untreated conditions (b) 
treated with Triton-X (positive control that induces cell death) (c) 50 µg/mL of 
E5CoH800(5’)20 (d) 50 µg/mL of E5CoH800(5’)20  after “washing” procedure, (e) 50 
µg/mL of commercial FeNP(SN1501) and (f) 50 µg/mL of commercial FeNP after “washing” 
procedure. The nanoparticles tended to sediment over the cells and even after washing, some 
aggregates were still present over the cells. Magnification: 50x. 
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 Both types of nanoparticles induced concentration dependant decay in cell viability as 
observed in Fig.V.49. Significant differences were marked with a star. The viability of DU-
145 cells was performed for 24h of exposure to different concentrations of Co@C and 
commercial Fe@C nanoparticles. The results show that Fe@C nanoparticles have influence 
on the viability even at low concentration such as 10µg/mL. The significant difference due to 
the exposure to Co@C nanoparticles was observed only after exposure to concentrations 
higher or equal to 50 µg/mL. 
 
 
 
Fig. V.49 : Viability of DU-145 cells after 24h exposure to different concentrations of the 
nanoparticles. Data obtained from WST-1 measurements after an incubation period of 24h. 
values are normalized to untreated conditions. 
 
  
The clonogenic survival was the assay that showed the greatest effect of the 
nanoparticles. At the highest concentrations (Fig.V.50) no cell colony was formed when any 
of the two C-encapsulated nanoparticles were present. These results could however be 
strongly influenced by the sedimentation of the particles at the bottom of the plates, impairing 
cell attachment. 
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Fig. V.50  : Clonogenic survival of DU-145 cells seed with different concentrations of the 
nanoparticles and further incubated for 10 days. Data obtained from number of colonies 
present in 6 well plates after the incubation period. 
 
 
 
V.8. Conclusion  
 
 In this Chapter our goal was to produce very small C encapsulated metal nanoparticles 
for biomedical application such as hyperthermia and MRI imaging. Using different CCVD 
conditions we produced small C-encapsulated Co, Fe, Co-Fe and Ni nanoparticles in the range 
of 5 to 60 nm. The best conditions in order to produce spherical C-encapsulated Fe and Co 
nanoparticles without the presence of nanofibers were at 900°C. The best candidate for 
hyperthermia and MRI application was found to be Co@C nanoparticles produced at 900°C at 
20 L/h of CH4 for 5 min of dwell (E8CoH900(5’)20). The sample contains individual 
spherical nanoparticles without presence of carbide, with a size distribution of 15-20 nm and 
coated by 2 or 3 carbon shells. 
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 The best magnetic properties with a Ms= 106 emu/g were measured for samples of 
Co@C nanoparticles prepared at 900°C at 20 L/h of CH4 for 5 min of dwell 
(E8CoH900(5’)20). We also observed that doping Fe with Co improved the magnetic 
properties. 
  We found that the hyperthermia of our metal encapsulates strongly depends on their 
magnetic properties. The best heating in AC magnetic field was measured for Co@C 
nanoparticles (SAR=1.10 W/g). The best hyperthermia effect was obtained for Co@C 
nanoparticles, which showed heating effect even at 20 kA/m at a concentration of 5 mg/mL. 
 We found that samples E8CoH800(5’)20 of Co@C nanoparticles showed better  
reflexivity properties than ultra- small superparamagnetic iron oxide (USPIOs) nanoparticles, 
respectively 16.48 mM.s-1 for r1 and 81.44 mM.s-1 for r2. These results showed that this 
sample can be a very promising candidate for MRI application as a contrast agent.  
 The biocompatibility tests of Co@C nanoparticles showed that even after exposure to 
high concentrations such as 50 µg/mL, part of the cells were still alive. In comparison to 
commercial Fe@C, our Co@C exhibited a lower toxicity (from 50 µg/mL). However, the 
agglomeration of our Co@C nanoparticles was found to have a negative influence on the 
clonogenic survival of the cells.  
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General conclusion and perspectives 
  
  
 The first part of our studies was focused on opening of the tips of carbon nanotubes 
using “wet” or “dry” chemistry routes. We found that after treatment for 24h using oxoacids 
such 3M HNO3, conc. HNO3, conc. H2SO4/conc. HNO3 (3:1) or by other oxidants such as 
mixtures of KMnO4/H2SO4 or K2Cr2O7/H2SO4 the tips of the tubes were opened. Shortening 
which is an evidence that at least one of the tips is open was observed after treatment by 3M 
HNO3 or a mixture of conc. H2SO4/conc. HNO3 (3:1). However, the best wet chemistry 
method was oxidation by conc. H2SO4/ conc. HNO3 (3:1) for 24h at 70°C, after which more 
than 10% of the tubes were shortened up to 200 nm. We also observed that oxidising 
treatment using K2Cr2O7/H2SO4 solution shortened but with a high percent of amorphous 
carbon impurities, making this process less suitable.  
 We found that after treatment of DWNT by “dry” routes such as oxidation in air at 
500°C for 30 min, microwave treatment in closed vessel for 10 min or by adding iron powder 
and heating for 2 min, the tubes were not shortened and only a few opened tips were observed 
after oxidation in air. 
 During opening of DWNT we found that some secondary reactions such as 
functionalisation, purification or creation of amorphous carbon. We found that oxidation by 
3M HNO3 only for 3h in reflux conditions creates -COOH functional groups. Using acid-base 
titrations we found that the highest number of functional groups was in the case of samples 
oxidised by conc. HNO3 for 24h (2.73 mmol/g). We also observed some relation between the 
number of functional groups after different oxidising treatment and Zeta potential. The 
highest Zeta potential (-40 mV) and the best stability after 24h of sedimentation were 
measured for samples oxidised by conc. HNO3 (which have the highest number of –COOH 
groups).  
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 We concluded that the faster method in order to eliminate the metal (Co/Mo) catalyst 
nanoparticles was by reflux in conc. HNO3 for 9h, where 90% of the metals were removed. 
Due to the high weight loss after oxidation by conc. HNO3 (more than 50% after 24h 
oxidation) the oxidation by 3M HNO3 for 9h in reflux was found to be more suitable where 
90% of the metal was removed and only 17% of the sample mass was lost. In the two cases of 
oxidation by other oxidants (KMnO4/H2SO4 or K2Cr2O7/H2SO4) the maximum of removed 
metal catalyst nanoparticles from the samples was obtained after 3h of treatment. The 
oxidation by K2Cr2O7/H2SO4 for 3h was found to be very useful due to the high number of 
eliminated metal (91 wt.%) and in the same time very limited weight loss (5%). 
 We found that the oxidation by HNO3 leads to creation of amorphous carbon coming 
from decomposition of the tubes and the amorphous carbon present in raw CCVD samples, 
which covered the walls of the tubes as a thick layer. According to the TEM and Raman 
spectroscopy we can conclude that in the case of opening of DWNT by conc. HNO3 the 
maximum of creation of amorphous carbon was reached at shorter time (9 h) than in the case 
of 3M HNO3 oxidation (24h). When a mixture of H2SO4/HNO3 was applied for 24h we 
observed the reverse reaction of removal of the amorphous carbon from the samples, 
evidenced by ID/IG ratio and TEM. The mixture of K2Cr2O7/H2SO4 was found to be a very 
strong oxidant which creates high number of defects in the samples even for only 3 h of 
treatment (ID/IG = 0.4), and is thus not suitable for treatment of DWNT. 
 The elimination of amorphous carbon debris was performed using methods such as 
washing with 4M NaOH, KMnO4/H2SO4, air oxidation or microwave treatment. The best 
condition in order to eliminate the amorphous carbon created by 3M HNO3 oxidation was by 
microwave iron-assisted purification for 2 min at 800W. 
The second part of our studies was focused on the filling of raw or pre-opened DWNT 
with iron or uranium compounds (as a control experiment). The reduction of iron-filled 
 259 
DWNT from conc.HNO3/FeCl3.6H2O solution in H2 atmosphere at 650°C for 3h was suitable 
to obtain Fe in our samples free of oxides in the sample. Due to the low contrast of Fe the 
HRTEM observations didn’t show any clear evidence of iron metal inside the tubes while the 
control solution filling with U performed in the same conditions definitely confirmed filling 
inside the tubes. The highest filling yield (apart from autoclave treatment) was obtained for 
tubes pre-treated by a mixture of H2SO4/HNO3 for 24h and then filled from 
FeCl3.6H2O.conc.HNO3 solution (Fe= 2.2 wt. %). The control experiment of short-time filling 
with U evidenced that it was crystallised inside the tubes while in case of Fe filling only 
amorphous material with low contrast could be observed. The maximum filling yield (8 wt.%) 
between all the filled samples was obtained for ferrocene/toluene autoclave filled raw DWNT 
which is comparable to the samples filled with ferrocene from melted phase.. 
Due to the low filling yield inside the tubes, we found that the magnetisation 
saturation Ms of the Fe filled tubes was low and further applications for hyperthermia limited. 
 The filling of DWNT from solution gives low filling yields in comparison to other 
methods such as filling from melted phases. According to the number of publications during 
the last 20 years dealing with filling of CNT we found that less then 10% of the authors used 
very small SWNT or DWNT for filling from solutions and as a most preferable material used 
larger diameter MWNT. Our experimental results once again showed that the low filling yield 
after filling of DWNT from solutions is probably due to the very small diameter and 
difficulties with the methods for opening. 
 The third part of our studies examined the CCVD synthesis of carbon-encapsulated 
metal (Co, Fe, Ni, Co-Fe) nanoparticles for hyperthermia or MRI applications. The synthesis 
of Fe@C nanoparticles strongly depends on the nature of the atmosphere during the heating 
ramp. When H2-CH4 combination of gases was used, formation of nanofibers filled with large 
oblong nanoparticles was observed. When N2-CH4 combination of gasses was applied, the 
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product contained small spherical C-encapsulated Fe nanoparticles and isolated nanofibers. 
We found that CCVD synthesis is a very suitable method for synthesis of small (1-20 nm) and 
spherical carbon-encapsulated cobalt nanoparticles. The synthesis Fe-Co encapsulates was 
always accompanied by filled fibres while in case of Ni encapsulates we observed very small 
(2-5 nm) encapsulated nanoparticles. We found that when the temperature of dwell was 
increased up to 900°C the Co and Fe nanoparticles were coated by spherical carbon shells and 
without presence of carbon fibres. 
 The magnetic characterisations showed that the best Magnetisation saturation was 
measured for samples of Co encapsulates (116 emu/g). The small diameter Ni encapsulates 
exhibited a superparamagnetic behaviour and low Ms which makes them not efficient. The 
best samples for hyperthermia application was Co@C nanoparticles which showed         
SAR= 1.1 W/g. The samples of Co@C was also efficient in MRI application, showing very 
good relaxivity. 
 The biocompatibility tests of Co@C nanoparticles showed that even after exposure at 
high concentrations such as 50 µg/mL the cells were still alive. In comparison to commercial 
Fe@C which showed toxicity at low concentrations (10 µg/mL).  
Our work during the last three years opened many new questions about the potential 
application of CNT or carbon-encapsulated metal nanoparticles for bio-medical applications. 
As a next step the shortened tubes could be applied in drug delivery. Once the tubes are 
opened they can be filled with many different drugs and then introduced directly into the 
cells. However, many more questions are raised by the results of these experiments and more 
research is necessary to make the knowledge applicable for clinical practice. The filling from 
solutions of DWNT was not efficient for filling with magnetic materials for hyperthermia 
application but it can be very useful in case when the tubes have to be filled with different 
heat sensitive drugs. Our experience in this method for filling showed that the filling yield is 
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generally low but in drug delivery application this may not be a real a problem due to the 
usually low concentrations of the introduced drugs. We found that the shortened tubes are also 
functionalised by -COOH groups which makes them useful in order to attach different organic 
compounds which can help them to be delivered to the target. These opened, shortened and 
functionalised “cargoes” also can be filled with materials with good relaxivity properties such 
as Gadolinium, and used in Magnetic Resonance Imaging as contrast agents. 
As a next step for the application of carbon encapsulated nanoparticles, their carbon 
shells should be functionalised by using some wet chemistry routes such as chemical 
oxidation. Attaching functional groups on their surface will open new possibilities in 
hyperthermia application and especially for their targeting to tumour area.  
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Title of the thesis: 
 
“Synthesis of filled CNT and carbon encapsulated nanoparticles for medical applications” 
 
Abstract: 
 
This work was performed in the framework of the European FP6 RTN CARBIO 
(www.carbio.eu) project, aiming at exploiting the potential of multi- functional DWNT and 
Carbon encapsulated metal nanoparticles for biomedical application, in particular to act as 
magnetic nano-heaters (cancer treatment by hyperthermia) or drug – carrier systems. 
To achieve these goals, DWNT have first been synthesised by catalytic chemical 
vapour deposition (CCVD) of a H2-CH4 mixture over (Mg, Co, Mo)O catalysts.  
In order to fill the empty cavity of DWNT with magnetic materials, the tips of the 
tubes have to be opened. The opening of DWNT was performed in different conditions using 
wet chemistry routes such as oxidation with HNO3, HNO3/H2SO4, KMnO4 or K2Cr2O7 or dry 
routes involving air oxidation or microwave heating. Due to drawbacks of some of the 
opening techniques (sample coating with amorphous oxidation debris), we have developed 
extra purification methods such as NaOH washing, oxidation in air or microwave heating.  
The filling of DWNT was performed using one-step (during the opening) or two-step 
(after the opening) methods in over-saturated iron (III) nitrate or iron (III) chloride solutions, 
in different conditions in order to assess the influence of stirring time, concentration and 
temperature. Control experiments of filling with uranium compounds were performed. 
A second strategy that we have developed in this work was the direct CCVD synthesis 
of carbon-encapsulated Fe, Co, Co/Fe and Ni nanoparticles. The encapsulated nanoparticles 
have been synthesized with gaseous mixtures of H2/CH4 or N2/CH4, using different MgO-
based catalysts (Mg0.95Co0.05O, Mg0.95Fe0.05O, Mg0.95Co0.025/Fe0.025O and Mg0.95Ni0.05O solid 
solutions). The obtained samples correspond for example to spherical and/or oblong carbon-
encapsulated Co nanoparticles with size distribution 6-10 nm (60%) and 11-20 nm (40%). 
Oblong or spherical carbon-encapsulated nanoparticles were also observed with Fe and 
Co/Fe, with diameter within the range 1-10 nm (80%) and 11-30 nm (20%). The most 
promising material for hyperthermia application was found to be the carbon-encapsulated Co 
nanoparticles which showed the highest saturation magnetisation at room temperature (Ms) 
and the highest Specific Absorption Rate (SAR).  
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